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PREFACE

Materials: Technology and Applications, Series 1 is a comprehensive
compilation of chapters on the current research of materials such as
polymeric, metals, ceramic and composite materials for various
applications. It provide an understanding on the fundamental
mechanisms to synthesize the materials, leading to processing,
characterization, property evaluation and the technology used. The
book will be of great use to students, researchers and practitioners in
materials technology field.

Mazatusziha Ahmad

Vii
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CHAPTER 1

TENSILE AND THERMOGRAVIMETRY ANALYSIS OF
PULLULAN/CELLULOSE FILMS INCORPORATED WITH
CARICA PAPAYA SEEDS EXTRACT

Naz Suzieha Binti Wan Long?, Mazatusziha Binti Ahmad?

! Department of Chemical Engineering Technology,
Biotechnology — Sustainable Material Focus Group
(B-SMAT),

Faculty of Engineering Technology,
Universiti Tun Hussein Onn Malaysia,
Pagoh Higher Education Hub,

84600 , Pagoh Muar, Johor, Malaysia.

1.0 ABSTRACT

Pullulan is a non-ionic exopolysaccharide produced by polymorphic
fungus known as Aureobasidium pullulans. Pullulan have a great
potential to be develop as biodegradable food packaging films in order
to reduce environmental pollutions and health issues. It has an excellent
adhesive properties, high transparency, non-toxicity and heat sealable.
However, high cost and high water solubility of pullulan has hindered its
widely applications. Therefore, in this study, the pullulan based film was
modified with cellulose and Carica Papaya seeds extract (CPSE) to
improve the properties of the pure pullulan film. The addition of CPSE
as antimicrobial agent can improve antimicrobial properties of the films
in order to increase the food shelf-life and reduce food spoilage. Three
types of films were prepared via casting technique, which are pullulan,
pullulan/cellulose and pullulan/cellulose/CPSE. The thermal properties
of these films were assessed via Thermo gravimetric Analysis (TGA),
observation of film surface morphology by Scanning Electron
Microscope (SEM), mechanical properties of films by Universal Testing
Machine as well as characterization of films were evaluated by using
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Fourier Transform Infrared Spectroscopy (FTIR). The addition of
cellulose enhanced the tensile strength of the films and reduces the
elongation at break. CPSE have shown no significance changes on the
films mechanical properties as its function as antimicrobial agent.

Keywords: food packaging, pullulan, cellulose, papaya seed,
antimicrobial

11 INTRODUCTION

Recently, the dumping of conventional packaging in disposal area had
becoming a serious threat to the global health and environment. Thus,
several biopolymers made of pullulan, starch and cellulose have received
tremendous attentions by many researchers and industries due to their
biodegradable capability to be develop as food packaging applications
(Dhall, 2013). Pullulan is such a favourable alternative to replace
synthetic based materials because it has an excellent film forming ability,
sustainable, good oxygen barrier properties and oil resistant. However,
despite of all advantages, it is high cost and highly water soluble, where
the films become sticky by absorbing atmospheric moisture (Conca et
al., 1993). Thus, those drawbacks have restricted its wider usage to form
a pure pullulan film for plastic packaging applications.

Hence, researches have been carried out on blending pullulan
based film with other biopolymers such as chitosan (Biliaderis et al.,
2002), collagen (Gurtner GC et al., 2011) and cellulose (Ferreira et al.,
2016) to improve film properties and more cost effective. Cellulose has
been chosen in this study in order to improve the mechanical properties
of the pullulan films. According to a study conducted by Eliane Trovatti
(2011) who investigated on nanofibrillated cellulose—pullulan composite
materials has proved that incorporation of pullulan with cellulose will
improve the thermal and mechanical properties of the films.

Besides, special attention also had been given on Carica
Papaya seeds extract (CPSE) as antimicrobial agent to be used in active
food packaging industry. It is rich in phytochemical, especially phenolic
compound which has antimicrobial properties, acts as natural antioxidant
to extend food shelf-life. Films incorporated with CPSE show a strong
antimicrobial activity particularly effective against E. coli, Salmonella
and Staphylococcus infections (Mitscher et al., 1992). The pungent and
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peppery characteristics of Carica Papaya seeds have repressive ability
over the metabolic activities of a wide range of microorganism. Thus, it
shows a considerable potential as microbial inhibitors in order to
maintain food quality and reduce food spoilage.

Thus, in this study, the effects of the addition of cellulose and
CPSE into pullulan films were investigated upon the thermal and
mechanical properties of films. Three types of films which are pullulan,
three different ratios of pullulan/cellulose and pullulan/cellulose/CPSE
were prepared via casting technique. These blends films were further
characterized in terms of their thermal stabilities and mechanical
properties such as Thermo gravimetric Analysis and tensile strength
respectively, chemical interaction between the films component were
evaluated via Fourier Transform Infrared Spectroscopy (FTIR) and film
surface  morphology were observed through Scanning Electron
Microscope (SEM).

1.2 BIODEGRADABLE BASED MATERIALS FOR ACTIVE
FOOD PACKAGING

Accumulation of petroleum based packaging films in the environment
are the driving force behind the development of biodegradable materials
based active food packaging. Natural compounds, for instance animal
and plant-based polysaccharides, biodegradable polymers and proteins
are considered as the best alternatives to synthetic polymers (Boredes et
al., 2009). Biodegradable polymers are defined as materials where
chemical and physical characteristics undergo deterioration and
completely degrade upon disposal by the action of living organisms such
as microorganisms, aerobic and anaerobic processes. They are made of
natural resources such as starch, cellulose and lactic acid. Modern-day
food manufacturers not only demands for the food packaging that may
improve solid waste disposal but also cost-effective in order to replace
conventional plastics.
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1.2.1  Active Food Packaging (AFP)

Packaging may be termed active when it performs some desired role in
food preservation other than proving an inert barrier to external
conditions (Hutton, 2003). AFP is an innovative solution for increasing
foodborne diseases and changes in food habits. It refers to the
incorporation of certain additives into packaging film or containers with
the aim of maintaining and prolongs shelf life (Ahvenainen, 2003). In
addition, it also includes additives or freshness enhancers that are capable
of adsorbing carbon dioxide, moisture, scavenging oxygen, releasing
ethanol, sorbets or other preservatives and temperature control to
maximize the shelf-life of food products, delay microbial, enzymatic and
oxidative spoilage, minimize contamination, weight loss and to ensure
the colour and integrity of the products during storage while ensuring
their quality, safety and integrity (Vital et al., 2016; Chong et al., 2015;
Kerry et al., 2006).

1.2.2 Pullulan

Pullulan is an extracellular bacterial polysaccharide which is produced
from starch by the fungus Aureobasidium pullulans. It is biodegradable
and easily soluble in water to make clear and viscous solution. Pullulan
is a white powder which is edible, tasteless, odourless and thermally
stable. It is also particularly low oxygen permeability and has a high
stability of various properties over storage such as mechanical and
dissolution properties. Despite all of these advantages of pullulan, it is
more expensive compared to other polysaccharides which is
approximately RM80/kg. Figure 1.1 shows the chemical structure of
pullulan.

CH, CH,OH C‘HzOH

e Kl K

OH

n

Figure 1.1: Chemical structure of pullulan (Farris et al., 2014)
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1.2.3  Cellulose

Cellulose is a polymer of glucose that composed of linear chains of
several 100 to over 10000 of B-1,4 linked d-glucose units. It has a good
chemical stability, highly crystalline, renewable, odourless and soluble
in water. Furthermore, cellulose also possesses many unique
morphological aspects which are high specific strength, high aspect ratio,
high surface area and unique optical transparency (Bledzki and Gassan,
1999).

H
H oH -
o
! H H
i . 0
Ho CH,
H OH

Figure 1.2: Chemical Structure of Cellulose (Brett and Waldron, 1990).
1.24  CPSE as Antimicrobial Agent

CPSE rich in phenolic compound which has antimicrobial properties,
acts as natural antioxidant to enhance antioxidant function and extend
food shelf-life. CPSE has a great potential as the antimicrobial agent to
be used in food packaging industry because it have inhibitory effect on
Staphylococcus aureus, E. coli, Shigella dysentria and Salmonella typhi
(Ogunjobi & Elizabeth, 2011). Based on the study conducted by
M.Vijayakumar (2015), the higher the concentration of CPSE, the greater
diameter of microbial inhibition zone. This antimicrobial property gives
advantages in food packaging industry as it acts as preservative, staving
off oxidation and prevent spoilage (Mitrus et al., 2010).
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1.3 METHODOLOGY

1.3.1 Materials:
Pullulan, cellulose (Sigma Aldrich, Malaysia), Ethanol 95 % and Papaya
seed (Malaysia)

1.3.2  Carica Papaya seeds extraction

Fresh ripe Carica papaya was bought at the fruit stall to get the seeds.
The fruit were cut into two and their seeds were put in the beaker for
cleaning process. The debris of the seeds was removed and they were
dried in the microwave oven at 60 °C. After 3 days (or constant weight),
the dry seeds were blend by using an electric blender in order to get the
seed powder. Next, 15g of powder was mixed with 200 mL of ethanol
95 % and left for 48 hours. Then, the mixture was filtered by passing
through the Whatman no. 1 filter paper. The liquid solution was put in
the glass bottle to be used as antimicrobial agent.

1.3.3 Film Preparation

Pullulan based films were formed via casting method by using film
applicator. For pure pullulan film, 5.0 g of pullulan was mixed and
dispersed in 200ml of water. Next, the step was repeated with the addition
of cellulose and CPSE. Table 1.1 and 1.2 show the composition of
pullulan/cellulose and CPSE, respectively at different ratios [9:1, 8.2, 7.3
of pullulan/cellulose (w/w)] 8% of CPSE is added based on the
percentage of pullulan (g fatty acid per g pullulan). The solution is mixed
gently by stirring with a magnetic stir bar until pullulan was dissolved.
Then, the solution was homogenized for about 15 minutes with addition
of slow heating. Stirring and heating was stopped when the solution
reaches temperature of 80 — 86°C. Next, 50ml of the film forming
solution was spread evenly onto glass sheet (A4 paper size). The
thickness of the films was set on the film applicator (0.25mm) and the
films were air-dried at room temperature for three days.
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Table 1.1: Percent composition of pullulan and cellulose.

Sample Pullulan (wt %) Cellulose (wt %)
PLC10 90 10
PLC20 80 20
PLC30 70 30
Table 1.2: Percent composition of pullulan and cellulose with addition
of CPSE.
Sample Pullulan Cellulose CPSE
(wt %) (wt %) (wt %)
PLC10C8 90 10 8
PLC20C8 80 20 8
PLC30C8 70 30 8

1.3.4  Thermo gravimetric Analysis (TGA)

Thermo gravimetric testing of films was conducted using TGA 550 at
Instrumentation Laboratory, Department of Chemical Engineering
Technology in UTHM. 4 mg sample of films was placed in a ceramic
crucible, heated from 30 °C to 500 °C in nitrogen atmosphere with a
constant heating rate of 20 °C/min. N2 was used as purge gas with flow
rate of 20 mL/min.

1.3.5 Universal Testing Machine

Tensile strength (TS) [MPa], Young modulus (¢) (MPa) and elongation
at break (EL) [%] were evaluated according to the ASTM standard
method (ASTM D882-02) and were conducted at Textile Testing
Laboratory, Department of Mechanical Engineering Technology,
UTHM. The samples (100 mm x 15 mm) were cut from each formulation
of films and are mounted between the grips of the equipment for testing.
Initial gauge length and speed are set to 75 mm and 0.05 m/min
respectively.
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1.3.6  Fourier Transform Infrared Spectroscopy (FTIR)

The interactions or bonds of the functional groups between pullulan,
cellulose and CPSE were determined. The FTIR spectra of the films were
recorded in an IR spectrometer (Perkin Almer) in the range of 4000-650
cm?®. This test was conducted at Downstream Bioprocessing 1
Laboratory, Department of Chemical Engineering Technology,UTHM.

1.3.7  Scanning Electron Microscope (SEM)

Film surface morphology was examined by using SEM at Material
Characterization Laboratory, Department of Materials and Design
Engineering, Faculty of Mechanical and Manufacturing Engineering,
UTHM. The dried film samples are mounted on a metal stub with double-
sided adhesive tape. The morphological structures of the films are studied
by a JSM-5600 LV SEM of JEOL, Tokyo, Japan and the images are taken
at accelerating voltage 10kV and magnification of 20-23 times of origin
specimen size.

1.4  Results and Discussions
1.4.1 Thermogravimetry Analysis

Figure 1.3 and Figure 1.4 display the TG curves of pullulan/CPSE
(PL/P8) and pullulan/cellulose/CPSE at ratio 7:3 (PL/C30/P8). The
results appeared in one stage of degradation process. The initial
decomposition temperature or the onset weight loss of the film was about
58.68°C and 49.59°C for PL/P8 and PL/C30/P8 respectively. It is due to
the dehydration. The prolonged weight loss of water above 100 °C is due
to the presence of hydrogen bonding between functional groups in
pullulan, cellulose and CPSE. The continuous degradation process with
a broad curve was observed and slowed down after reaching 300°C,
possibly due to the theoretical maximum degradation of pullulan, which
is about 295°C. The end set degradation temperature for PL/P8 and
PL/C30/P8 was about 299.31°C and 476.26°C respectively. The presence
of CPSE extended the end set degradation temperature. It was found that
the thermal stability of the films is greatly affected by the presence of
water for as all the components are hydrophilic materials.



Materials : Technology and Applications Series 1
ISBN 978-967-2389-09-5

2019

Weight (%)

Weight (%)

10
Weight Loss: 3.888 mg
Weight Percent Loss: 75.270 %
Onset x 68.68 °C
tos
80
g
2
=
— Los f.;'r
2
\ H
\ 3
\ s
\ fos
\ 2
Endset x: 299.31 °
40|
. Loz
\ B \ i
~ R
\__/ S— 7&
0. T T T T oo
0 100 200 300 400 500
Temperaturs T (°C)
TA Instruments Trios V4 3.0.38388
Figure 1.3: Isothermal spectra of PL/P8.
1 14
F12
100
1o
L g
\ 2
\ =
a0 T g
T ros 2
T 2
&
los =
60 )
\ loa
\‘. Onset x: 49.59 °C ~ \
404 \ T~
\ Endset x: 476.26 °C [ oo
| \ TTT—
| - / N TN
M——— - 00
100 200

300 400 500
Temperature 1 (*C)
TA Instruments Trios V4.3.0.3838

Figure 1.4: I1sothermal spectra of PL/C30/P8.



Materials : Technology and Applications Series 1
ISBN 978-967-2389-09-5

2019

1.4.2 Tensile Properties of Films

Table 1.3 shows the tensile strength (TS), Young Modulus (¢) and
elongation at break (EL) for pullulan, pullulan/cellulose and
pullulan/cellulose/CPSE films composition. Pullulan film (PL) shows the
lowest tensile strength (5.12 Mpa) and elongation at break (12.3 %)
compared to other compositions. Pullulan is a linear molecule, consists
of a large number of side chains which resulted in easier molecules
sliding and chain slippage. Thus the stress transfer ability among polymer
chain is reduced. It can be observed that, tensile strength and elongation
at break were slightly increased with increasing cellulose content from
10% to 30% for pullulan/cellulose films. The increment is about 4% and
1.2% for tensile strength and elongation at break, respectively. The
improvement on tensile strength was due to the crystalline structure of
the cellulose. Cellulose is known as a straight chain polymer, with no
coiling or branching occurs. Thus, the molecule align and form a stiff
rod-like conformation. In addition, the presence of multiple hydroxyl
groups, hydrogen bonds with oxygen atoms holding the chains firmly
together side-by-side and forming micro-fibrils which contribute to
higher tensile strength. The results is in agreement with study reported
by Turhan and Sahbaz (2004) who investigated on the tensile properties
of different methylcellulose concentrations. They confirmed that the
higher concentration of cellulose, results in higher tensile strength and
elongation at break of the film.

Further enhancement observed for tensile strength and
elongation at break of pullulan/cellulose films with presence of CPSE.
Pullulan/cellulose/CPSE film at 30% cellulose (PL/C30/P8) shows the
highest tensile strength and elongation at break, which is 5.97 Mpa and
15.6% respectively. Addition of CPSE indicated synergistic interactions
between the polysaccharides in pullulan/cellulose films. It is possibly due
to the increasing of film moisture content with addition of CPSE, which
consequently increased the tendency to form a looser molecular network
and molecular movement. Thus, when stress is applied, producing more
flexible films as compared to pullulan/cellulose films. The increase in
strain at break is probably caused by the breaking of hydrogen bonds,
which allows more extension (Sun et al, 2010). It can be concluded that
combining pullulan with cellulose and CPSE strengthen the film
structure.

10
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Table 1.3: Tensile strength, Young modulus and elongation at break
values for each film composition

Sample Tensile Young Modulus | Elongation at
Strength (MPa) Break (%)
(MPa)

PL 5.12 5.42 12.3
PLC10 5.41 4.94 13.5
PLC20 5.53 4.87 13.7
PLC30 5.64 4.63 14.4

PLC10C8 5.72 4.44 15.0
PLC20C8 5.89 4.33 15.4
PLC30C8 5.97 4.27 15.6

However, addition of cellulose decreased the Young Modulus
of pullulan films, up to 8%. Further reduction observed in Young
Modulus with increasing cellulose content from 10% to 30%. The
reduction is about 6%. A slight reduction of Young Modulus was
observed for films with presence of CPSE. It is expected that moisture
give an effect to Young Modulus of pullulan/cellulose/CPSE films as it
is well known that cellulose and CPSE are categorized as hydrophilic
materials. According to Sun et al, (2010), cellulose can be divided into
amorphous, intermediate, and crystalline region. The intermediate region
has an important role in determining the effect of moisture on the
structures of cellulose. Water molecules can enter the intermediate
regions causing swelling of the cellulose molecules and converting the
crystalline regions into amorphous structures which break hydrogen
bonds in the crystalline region. Thus, the ductility of the cellulose films
was increased and modulus of pullulan/cellulose/CPSE films were
reduced.

11
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1.4.3 Morphological Analysis of SEM

Figure 1.5(a) to (d) show the surface morphology of the pullulan films
and different ratios of pullulan/cellulose films. It can be observed in
Figure 1.5(a) , there was small white spot dispersed in the surface of
pullulan film. The similar result was obtained by Rinrada Pattanayaiying,
(2014) who investigated on the optimisation and formulation of pullulan
films with preservative additions.

UTHM

UTHM 18kU

Figure 1.5: SEM morphology of a) PL, b) PL/C10, c) PL/C20, d) PL/C30

As shown in Figure 1.5 (b) to (d), addition of cellulose results in a rough
surface of pullulan films. Numerous number of cellulose granules can be
clearly observed on the surface of pullulan/cellulose films. Increasing of
cellulose content from 10 % to 30 % contribute to a compact structure of
the film surface.
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Figure 1.6(a) to (d) represented the surface morphology of the
pullulan films and different ratios of pullulan/cellulose/CPSE films. It
can be observed that pullulan/cellulose/CPSE films (Figure 1.6¢ to 1.6d)
appear a rough surface and almost similar with pullulan/cellulose films
(Figure 1.6a). However, the cellulose granules are more compact as
compared to pullulan/cellulose films. The addition of CPSE give no
significance difference on the surface morphology of the films. The
dispersion of reinforcing elements into polymeric matrices and their
compatibility displayed vital aspects as their final properties and
applicability give a significant effect on the homogeneity and mechanical
performance of the materials (Eliane Trovatti et al. (2012).

UTHM

Xzae Lrom UTHM

UTHM

Figure 1.6: SEM morphology of a) PL/C10/P8, b) PL/C20/P8,
c) PL/C30/P8, d) PL/P8.
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1.45  FTIR Analysis

Figure 1.7(a) to (d) presented the possible chemical interaction between
pullulan, cellulose and CPSE. A broad and strong absorption peak was
observed at 3286 cm™ for pullulan film (Figure 1.7a), indicating the
stretching vibration of the hydroxyl groups (O-H).

i O-Hbond
100— o ——
2923 em T
o | 3286 et (CFoRd 1636 cm’!
@ (O-H bending) 1024 cm™
(C-O bond)
S 1
3 100— -
g 2033 cm*
G 5554 pasd 1406 cm™
=4 1155 em™
=
100 =
1408 cm*
T 1157 em?
| , 2976 cm’ :
50 3348 em”
(@)
100
5 -1 Yl \\ /
2910 cm \ /
s 2 N/
50 3290 cm? 1403 e \/
1152 em™
(d

Wavelength (cm'l)

Figure 1.7: FTIR spectrum of a) PL, b) PL/C10 c) PL/C20 and d)
PL/C30.
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A shoulder peak at 2923 cm™* represented the characteristics of
C-H. The peak is almost similar to the result obtained by Jung, Jeong and
Kim (2003), who found that the O-H and C-H stretching frequency of
pure pullulan exhibits at peaks of 3356 cm™ and 2943 cm™. The band at
1636 cm* attributes to the O-H bending (water absorption bond) as the
similar bond was reported by Chen et al., (2008) at 1630 cm™. A single
peak assigned at 1024 cm is possibly due to the presence of the (C-O)
bond stretching frequency. Kirill 1. Shingel (2002) confirmed that
pullulan characteristics with high intensity peak were found at 1024 cm
1. The peak at 918 cm™ corresponded to C-O-H bending vibrations at C-
6 position (amylose) which indicates the strength of interchain
interaction via hydrogen bonding. Moreover, the main linkage of
pullulan (o-(1, 4) and a-(1, 6)-p-glucosidic bonds) was observed at 918
cmi(Trovatti et al., 2012).

The infrared spectrum for pullulan/cellulose samples (Figure
1.7b to 1.7d) at 9:1(PL/C10), 8:2(PL/C20) and 7:3(PL/C30), appears
peak at 3294 cm?, 3348 cm™ and 3290 cm™ respectively. The peaks
shifted to higher wavelength, which indicates the repeating units of -OH.
Based on the previous study conducted by Diana Ciolacu, Florin and
Valentin I. Popa (2005), they also found the broad band in the 3600 to
3100 cm region, which is due to the OH-stretching vibration that gives
considerable cellulose structure which can be correlated with the scission
of the intramolecular and intermolecular hydrogen bonds. In addition, it
is well known that cellulose is rich in hydroxyl groups that are prone to
absorb moisture and it is likely that H,0 was responsible for this peak
(Pandey, 1999). All the pullulan/cellulose samples portrays almost a
similar spectrum. Another peak observed at 2933 cm™?, 2976 cmt, 2910
cm! for sample PL/C10, PL/C20 and PL/C30 respectively. The peaks
indicates the bending of alkane compound(C-H bond) which exist in the
samples. The presence of amorphous cellulosic samples can be further
confirmed by the shift of the band from 2900 cm™*, corresponding to the
C—H stretching vibration, to higher wavenumber values and by the strong
decrease in the intensity of this band (D. Ciolacu et al. 2005). Based on
the IR spectra for pullulan/cellulose, a vibrational peak was found which
corresponding to symmetrical stretching of ether bond C-O-C that
depicts the typical structure of cellulose which appears at 1155 cm?,
1157 cm? 1152 cm? for PL/C10, PL/C20 and PL/C30 respectively.
Peaks at 1406 cm™, 1408 cm™ and 1403 cm for sample PL/C10, PL/C20
and PL/C30 respectively, indicated the symmetric stretching of CH,. The
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forming of intermolecular hydrogen bonded hydroxyl groups between
pullulan and cellulose may cause the breaking down of extensive
hydrogen bonding network in the cellulose molecular chains itself
causing their crystalline structure to be changed (Cao et al.,1999). As the
fibre content in the blended film increases, the absorption peaks becomes
more prominent. This may be due to the increased of cellulose content in
the blended films which were from 10% to 30%.

The IR spectra for pullulan/cellulose/CPSE results almost a
similar peaks as compared to pullulan and pullulan/cellulose samples.
The broad absorption peaks among the three different ratios of samples
were also relatively similar at 3294 cm®. The broad vibration peak was
observed at 3330 cm? for pullulan/CPSE sample. The CPSE
characterization via FTIR was reported by Prasetya et al. (2007). They
proved that the presence of an aromatic C=C group is indicated by
absorption at wavenumbers 1457.41 cm® and 1404.62 cm?. For
pullulan/CPSE sample, the sharp peak of C-H stretch absorption appears
at 1406 cm™. From the results, it can be concluded that there are a
presence of chemical interaction between each component observed in
the films.

1.5 CONCLUSIONS

From this study, it was revealed that the addition of CPSE improved the
mechanical properties of the pullulan/cellulose/CPSE films. A
significance increment of tensile strength and elongation at break was
observed at ratio 7:3 with increment up to 85.7 % and 78.8 %,
respectively. The presence of CPSE extended the end set degradation
temperature. A rough surface was observed for pullulan/cellulose/CPSE
films. However, the cellulose granules are more compact as compared to
pullulan/cellulose films. The addition of CPSE give no significance
difference on the surface morphology of the films. The composition of
the film also exhibit an adequate strength and good thermal properties.
Therefore, films with good thermal stabilities and high tensile strength
provide potential indication to be commercialized as an alternative to
replace the synthetic food packaging.
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21 INTRODUCTION

In human body, tibia is the second longest bone that essential for
locomotion after femur bone. Based on the literature to the author’s
knowledge, tibia bone has high tendency to have injuries such as
fractures (1,2). The fractures are varies depend on the cause of the injury
which are from acute to chronic. In addition, the fractures could be an
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oblique, transverse or stable fracture (2,3). As the consequence of the
fractures, many treatment that had been introduce and recommended by
the orthopedics practitioner in order to treat injuries involving tibia bone
(4). For instance, bone grafting, external fixator and bone implant
(3,5,6). Before prescribing a treatment to the patient, the treatment
should have justification on injuries and the possibilities after having
surgery. Undoubtedly, due to the requirement of justification by the
surgeons it is prove that bone analogue is essentials for orthopedics
evaluation and assessment in biomechanics research.

In addition, lot of research had been conducted from past until
recent specifically in  orthopedics biomechanics research (5).
Subsequently, due to the increase in human population globally had been
result in high demand of bone analogue in biomechanics orthopedics
field (6). In order to conduct the experiment, cadaver are required and it
had been challenging. As a consequence of the problem , a synthetic bone
has been introduced by engineers (7,8). Recent, the existence of
synthetic bone isto overcome the problem of using cadaver (8,9). In fact,
synthetic bone had been main tool and widely used in vitro
biomechanical evaluation. This experiment is to measure the accuracy of
the estimated bone stresses along the dimension of synthetic tibia bone
as the highlight within this area (10).

Admittedly, research regarding orthopaedics biomechanic
research is extensively evolved and grow up until today (11). Realizing
its significance, a study was conductes to replace the use of fresh cadaver
bone as specimen for in vitro experimentation with a synthetic bone
(8,12). The utilization of fresh human cadaver bone had been
challenging due to its limitations. Consequence to that, the rate of
success decrease when conducting in vitro evaluation for joint
biomechanics and implant testing. The availability of storage for the
fresh human cadaver bone is low and limited (8,13). Plus, to prevent
defect to the cadaver , a proper store are required for the preservation
purpose (9,14). As a results, the specimen need to store in a proper
storage. However it cost nearly up to $500 per specimen (13,15). From
the previous report had mentioned that the cost for the whole cadaver
ranges between $1000 to $1500 that is much higher (13). Nonetheless,
this cost does not include the cost of the experiment and storage.
Moreover, the tendency of being infected while using cadaver is high
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(11). Thus, this condition are not favorable to the researcher as it will
cause harm and may infected by the contagious disease.

Undoubtedly, the roles of tibia bone are importance to the
human body. From the previous report stated that a lot of injuries related
to tibia bone such as bone bruises, varus deformed tibia and tibial head
depression fractures (16,17). Therefore, a validation must be properly
justified in order to evaluate and analyse the joint biomechanics and
implant testing before the medical devices can be used for real patients.
A part from that, if the custom tibia bone is required, the in vitro
assessment of tibia bone may be tougher. In other hand, there are a case
where the bone are having osteogenesis imperfecta, where the long
bones including tibiae is differing from the normal tibia bone as its shape
is bowing and curvy(4). In consequence, a special tibia bone analogue is
needed to evaluate its microstructural as well as its mechanical
properties. Though, this requires a synthetic tibia bone with pathologies
and it is very rare to find this kind of bone analogue.

211 TYPESOF SYNTHETIC BONE

Kinds of manufactured bone available in the market are changes relying
upon its motivation of use. For example, a portion of the product are
design for display and some of them are intended for testing reason. By
and large, the model type is ordered as biomechanical and single fracture.
Furthermore, the materials that been used to fabricate the synthetic bone
also differ from others. It might have been made either for cortical or
cancellous bone. Else, it is made of both cancellous and cortical bone.
That is the reason, the materials utilized for the bone analogue is various
relying upon its application. Every material that has been choose as the
main component or minor component of the engineered bone must with
a reason. Clearly, the materials must be able to characterize and mimic
the structure and properties of the healthy human bone whether it be a
cancellous or cortical bone. As shown in Figure 2.1, there are various
type of synthetic bone that available in the market such as plastic cortical
shell with cellular PU foam inside it. In addition, there are also synthetic
bone made from PU foam cortical shell with cellular PU foam inside it.
Another type of synthetic bone where the cortical are made with
transparent plastic and the cancellous bone are made from cellular PU
foam. There are also synthetic bone that develop by using only solid PU
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foam. The best material delineates the succesful rate of in vitro
experimentation as the material is an essential component that will
appropriately be advocated in directing an investigation [15]. A terrible
material will therefore prompt erroneous outcomes acquired

TRVATRY

Figure 2.1: a) plastic cortical shell with cellular PU-foam inside b) rigid
PU-foam cortical shell with cellular PU-foam inside c) transparent plastic
cortical shell with cellular PU-foam inside and d) solid PU-foam
throughout (18)

From previous report, it is discover that polymer foams as a testing
substrate for the assessment of orthopaedic devices have prevalently used
and popular over time (19). This may be due to the close resemblance of
the polymer itself with cortical and cancellous bone. Subsequently, this
clearly explains why polymer is favorable. Polymer have numerous
categories to a numerous types of polymer such as polyethylene (PE),
polystyrene (PS) and polypropylene (PP). However, among the types of
polymers existed, PU had been acknowledging as a polymer that fits and
compatible material for synthetic bone. The fabrication of commercial
synthetic bone, Sawbones and Synbone has been prove as the material
used is PU.

From the past decades, to develop synthetic bone there are many types of
materials that be used. Moderately, some study utilized PU as the main
material for the synthetic bone while others used PE. From the previous
report stated that, the material can mimic the cancellous bone if only one
material is used for the fabricated synthetic bone. In a contrary, the
structure of cortical bone is not imitated by any materials. Alternatively,
the composite bone analogue is use as a substrate in order to resemble
both cancellous and cortical bone. Composite bone analogue also permit
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an investigation of biomechanical through geometric as well as structural
properties (2). In significant to that, one material resembles a cortical
bone structure, conversely another material mimics the structure of
cancellous bone. This is show by the common materials used as a
composite is short glass fibre-reinforced epoxy with PU or else, the PU
is substituted with PE. Precisely, to mimic the cancellous bone PU and
PE is use while glass fibre-reinforced epoxy resembles the cortical
structure of the bone.

In summary, the purpose of the study and application of the synthetic
bone determine the type of materials that is used to fabricate the bone
analogue. In addition, studies have proved that out of all polymer, PU is
the best material that enables to mimic the properties of human wet bone
(9). Furthermore, Figure 2.2 show the composite tibia from Sawbones.
The fourth generation of large tibia composite model are manufactured
by using pressure-injected technique made up from short glass fibre
reinforced epoxy (as cortical bone) with PU (as cancellous bone).

Figure 2.2 Depicts fourth generation of large tibia composite
model from Sawbones(2)

212 CURRENT APPLICATION OF SYNTHETIC BONE

The utilization of the bone analogue have given significant to the field of
orthopaedic biomechanics. It is very useful for surgeons as an
orthopaedic devices in their training. Futhermore, it would help the
medical students and orthopaedic surgeon to familiarize with the tools as
it can reduced the failure while doing the surgery (20). Not only to
emphasize the important of synthetic bone for surgeons, it is also
beneficial for the houseman-ship officer as well as the students of
medicine in their medical studies (21,22). This is also can be used to help
the junior doctors to have simulation in operating theathre before come
to real surgery (20). In medical field, the utilization of bone analogue
allows them to be exposed of the structure of the human real bones in the
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process of learning of pathologies, fractures and bone grafting.
Importantly, to use of cadaver for the medical students and orthopaedic
practitioner to study orthopaedic is high in cost. Furthermore, the
limitation of the human bone has limit the study in medical setting due
to its variability, preservation, low availability and possibility of
infection. This have made cadaver as the second choice in orthopaedic
studies prior to synthetic bone (22). Nonetheless, the cadaver has cause
problem as a tool for the experimental research. In contrast, researcher
are use synthetic bone as an alternative for cadaver. Figure 2.3 depicts
the application of synthetic bone in orthopaedic surgical simulation in
order to investigate the effectiveness of low-cost orthopaedic drilling
technique.

Figure 2.3 Portrays a synthetic bone model clamped by a clay mode to
investigate the effectiveness of low-cost orthopaedic drilling technique
during orthopaedic surgical simulation.(23).
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Equally important in research into orthopedic biomechanics is
the use of synthetic bone. Before applying to real patients, an experime
nt must be conducted in the assessment of pathologies, including bone f
ractures (4,13). This is to provide a proper justification for the patient's
abnormalities. Instead of fresh human corpse bone as previously
described, synthetic bone is preferable in in vitro experimentation. (23).
The orthopedic in vitro assessment allows the researcher to estimate any
effects of adverse events that may occur before the patient receives the
treatment. (21). For example, the surgeon must know the appropriate
fixator to be used by the patient, whether an external or internal fixator,
when evaluating oblique tibia bone (21). A study was conducted by the
researcher to analyze its safety, comfort and efficacy in order to propose
the best configuration of the fixator. Again, these require bone analog
and in a way to explain why the field of research on orthopedic
biomechanics continues to develop.

213 BIOMECHANICAL STUDY USING SYNTHETIC BONE

Synthetic bone is recognized as orthopedics surgical techniques since
1950 and recent (6,22). Establishing synthetic bone as an orthopedic tool
has overcome the challenges of using cadaver specimen. Firstly, the
cadaver is not use due to bone analog is more consistent (8,22). This
consistency allows bone substrates to be mass-produced. The cost is
therefore minimal rather than the bone of the cadaver itself. Certainly,
the cost of synthetic bone composite of the fourth generation is only $
170, implying indirectly a huge gap with the cost of the cadaver specimen
(15,24). From the cost, it clearly describes the relatively cheap and
widely available synthetic bone. Although the use of synthetic bone that
lacks the' true feeling' of the real human bone, it is useful in providing
understanding and familiarity with the orthopedic equipment and
instrument (22). It also allows orthopedic training for surgeons and
trainees, such as fracture fixation (21). Its bone analog advantages
orthopedic trainees in the development of experience, however they are
incomparable with the senior surgeons (22). In a much more in-depth
explanation is to say they lack fidelity and quality in order to be of value
to senior surgeons. For the meantime, Figure 2.4 shows the use of
synthetic bone for four-point bending tests which are useful in
biomechanical environments.
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Figure 2.4 Specifies four-point bending test setup of the fourth
generation of Sawbones ' large tibia composite model (2)

2.2

221

FABRICATION OF CUSTOMIZED SYNTHETIC BONE
Bone Segmentation

The CT scan data, particularly, covered the whole human
anatomy. Hence, To specify the ROl in tibia only, segmentation
was performed. This step was accomplished using Mimics
10.01 software. A predefined threshold (ranging from 226 to
3071) was set to bone as the hub in this study was subsequently
loaded into this software by a project (CT lower limb). In
addition, only the bone area of the CT Scan data should be
highlighted and focused. Moreover, a region growing tool was
applied to focus on shinbone that was the required region.
Particularly, in order for more convincing of manipulation and
operation while segmenting tibia bone from the other bone in
the software, different color is recommended for the tresholds.
Next step was edit mask as the procedure is required to segment
slice by slice by eliminating bones which are near the tibia bone
such as calcaneus, femur, fibula and patella. As well as a sub
software in Mimic which was Magix was used to applied the
remesh technique for segmenting the tibia.
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In addition, the three-dimensional mask was calculated and
displayed a sole tibia. Clearly, in order to get better appearance,
the smoothing process must be conducted. From that point
forward, the ROI was estimated to get the rough length of
Malaysian male tibia by choosing measure 3D distance devices
on the recorded toolbar in Mimics and essentially drag start to
finish on the veil. At instant, the value of tibia’s length was
popped out. Notably, before fabrication was continued both
procedures required Mimics. Generally, Mimics was used to
segment the bone (Figure 2.5).

(it

Figure 2.5: Illustrate Mimic software was utilize to do the process of
segmentation.

2.2.3  Fabrication of Mold

In order to cast the first layer of the mould, ply woods, plasticine
(approximately 15 boxes) As for the casting of first layer of mould, the
equipment acquired were ply woods, plastiline (approximately 15 boxes)
), glove, master bone, vesaline, Moldmaker RTV silicone rubber and its
hardener were required. Significantly,the reference for this project and
preparation of mould was using synthetic bone from the Sawbone. The
master bone as shown in Figure 2.6 used was a display product instead
of the Sawbones test product. The dimensions were approximately
similar (374.86 mm and 355 mm respectively in terms of length) after a
comparative measurement between the CT scan data and the master
bone. Therefore, during the whole process of molding technique, there
was no significant changes were required. The tibia bone analog was
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placed on a piece of flat wood in the process of developing the first layer
of mould. Then, the the bone was by plastiline. Plasticine was used to
assemble the ply woods and to build a container for moulding. Plus, the
use of plastiline facilitated by adhering it around the tibia bone to create
the bone pattern in a mould. Figure 2.6 revealed the initial process of
adhering plastiline to assemble the plywood in a container.

It also grasped the bone in place to ensure even or regular plus a
consistent bone moulding configuration (Figure 2.7). Whilst the silicon
rubber was poures into the mold, it prevent the master bone from moving.
Understandably, a custom-made ply wood was used as a container rather
than a ready-made container as the container had to be dismantled as the
dried mould and removed from the container. Additionally, to enclose
the tibia bone, a rectangular box was constructed. Nonetheless, in order
to prevent any leakage that could be happened while pouring the silicone
rubber a precaution step was taken. A thick plasticine were applied to
overlay the joints.

As precaution, assured that a thick plastiline were applied at the joints’
area of ply woods box to avoid any leakages that might happened after
the pouring of silicone rubber. The volume of the box would be
measured approximately to confirm the size of the rectangular box. This
was to ensure that the drying agent and silicon rubber mixture were
properly filled into the rectangular box made of plywood. After that, the
wholesurface of plasticine surrounded the master bone was applied
vesaline (Figure 2.8). This was meant to ensure that the rubber of silicone
would not adhere to these areas and for easier disassembling of ply wood
container.
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Figure 2.6: Dipected The plastiline adhering process to assemble the
plywoods into a container .

Figure 2.7: Disclosed The master bone (Sawbones) used to create a
mould.
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Figure 2.8: Depicted the placement of tibia and fibula adhered by
plastiline.

2.2.4  Preparation of Polyurethane

PU and its hardener were used as resin. PU usually consisted of two parts,
Part A and Part B. Basically, PU usually consisted of two parts, Part A
and Part B. Part A defined the PU solution itself (see Figure 2.9) while
Part B defined the hardening agent. Based on manufacturer
recommendations stated that the ration between PU and its harderner is
2:1. PU was chosen because of its popularity and widely use as resin for
bone substrate (19,25). The recyclable materials were used as a safety
measure during resin preparation to prevent damage to the laboratory
equipment. The properties of PU used in this research execute high
strength. Hence the damage that occur because the PU cannot be wash
by universal solvent soon after it dried. In order to determine the volume
of chemical solution (PU) for tibia acquired through this moulding
method, water was filled in through the holes of the second moulding
layer. Beforehand, ruber band is use to tighten both layer of the mould.
This was to ensure no leakage happened once the mold were filled with
resin.

After the mould was filled with water, the water was poured
out into a beaker. This method used to measure the exact volume of resin
that required to fill the tibia mould. Then, the water was transferred to a
bottle. The bottle use was cut into half to make it as container. As the
water was in the bottle, the level of the water was mark to indicate the
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volume of required resin. As PU have two part which were Part A and
Part B, two bottle were used. Two bottles were deployed for Part A and
Part B. It was subsequently reported that the resin volume acquired was
approximately 600 ml, referring to the volume of water poured out of the
mould. According to the guidelines of the manufacturer, the ratio of Part
A and Part B of the PU system was 2:1. Thus, the volume for part A and
Part B were 400ml and 200ml respectively resulting in a total volume of
600ml.

Soon after both parts combined together, to make sure that the
mixture was mixed well and blended it was continuously stirred about
six to nine minutes. Plus, to prevent the presence of bubbles. The resin's
inconsistency may affect the composition, structure and duration of the
bone. In this regard, after being mixed together, Figure 2.10 reveals the
composition between Part A and Part B. The mould was later filled with
resin through the holes as soon as possible as its gel time took only 20
minutes. Generally, two to three days were usually sufficient to let the
sample dry. Again, the first and second layer moulding process would be
repeated for another four times as this project required a total of five tibia
bone analogues. Notably, the hardest part of this experiment was to make
five bone samples within seven days of the expiry date of the PU system
being seven days after opening its container.

Figure 2.9: Portrayed PU (Part A) solution before mixing \)vifh.the

hardener (Part B)
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Figure 2.10 Disclosed PU (Part A) solution after mixing with the
hardener (Part B)

2.25  Synthetic Bone

Figure 2.11 shows the structure of physical synthetic bone after
fabrication. The synthetic bone is normally will be used for the
orthopaedic training and also for the biomechanical study of implant
(Figure 2.11).
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Figure 2.11 Tibia synthetic bone (left) and example of the
application of synthetic bone for the external fixator analysis (right).
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CHAPTER 3

THE EFFECT OF POLYETHYLENE GLYCOL ON
PRECIPITATION OF ZINC OXIDE NANOPARTICLES FOR
PHOTOCATALYTIC DEGRADATION OF DYE
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Alif Hakimi Hamdan?

'Department of Chemical Engineering Technology, Faculty of
Engineering Technology, Universiti Tun Hussein Onn Malaysia, Hab
Pendidikan Tinggi Pagoh, KM 1, Jalan Panchor, 84600 Muar, Johor,

Malaysia.
2Centre for Sustainable Process Technology (CESPRO), Faculty of
Engineering and Built Environment, Universiti Kebangsaan Malaysia,
43600 UKM Bangi, Selangor, Malaysia.

3.0 INTRODUCTION

Dyes are a substance that widely used in the textile and printing
industries. These industrials consume a substantial amount of water in
their manufacturing processes mainly in the dyeing and final operations
of the plants (Babu, Parande, Raghu, & Kumar, 2007). Effluent from the
operations was classified as one of the most polluting due to its highly
colored, toxic, carcinogenic, mutagenic, non-biodegradable and consist
of complex components (Carmen & Daniela, 2010). These unwanted
features will bring some hazards that pose a risk to the environment and
also affect to human health (Konstantinou & Albanis, 2004). In 2010,
Wang and co-workers reported that about 1-20% of the total world
production of dyes was lost during the dyeing process and consequently
released in the effluents stream. Furthermore, the colored wastewater that
has been discharged in the environment is a considerable source of
eutrophication and can disrupt the aquatic community. Therefore, the
purification of dye wastewater is very important for proper pollution
control.
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Traditional physical techniques such as ultrafiltration (Dong et
al., 2011), reverse osmosis (Mustafa & Nakib, 2013) and adsorption
(Rashed, 2013) have been applied for the removal of dye pollutants.
However, there are several limitations of these methods to meet the
discharge criterion of environmental quality. The traditional methods
were only succeed in transferring organic compounds from water to
another phase and lead to create secondary pollution that require a further
treatment which will add more cost to the process (Akpan & Hameed,
2009). Therefore, developments of more advanced technologies are
particularly required for better effluent discharge, principally to attain
environmental cleanliness and human health safety.

One of the promising methods for dye wastewater treatment is
photocatalysis process due to no formation of polycyclic product, quick
oxidation and oxidation of pollution up to the parts per billion (ppb) level
(T. Chen, Zheng, Lin, & Chen, 2008). In this method, photocatalyst
absorbs a photon of light that more energetic than its bandgap.
Subsequently, a hole electron pair will be formed from the excitation of
electrons and leading to initiate the oxidation and reduction processes to
generate the strong oxidizing hydroxyl radical (OHe). The hydroxyl
radical played a significant role for degradation of dyes and reduction of
organic compounds to carbon dioxide (CO,), clean water (H,O) and
inorganic constituents (Hairom, Mohammad, Ng, & Kadhum, 2014b).
Metal oxides nanostructures including zinc oxide (ZnO), titanium
dioxide (TiO2) and copper oxide (CuO) with various morphologies have
been receiving much attention in the photocatalytic activities studies
(Talebian & Jafarinezhad, 2013). To date, some of literatures claimed
that ZnO nanoparticles show the best efficiency as a photocatalyst in
photocatalytic degradation of dyes (Hairom, Mohammad, & Kadhum,
2015; Jain, Bhargava, & Panwar, 2014; R. Khan et al., 2014; Tripathy et
al., 2014).

ZnO is a semiconductive material that has unique physical and
chemical properties, such as high chemical stability, broad range of
radiation absorption and high photostability. It regularly used as a
converter, energy generator, photocatalyst and adsorbent due to its piezo-
and pyroelectric properties, low toxicity, biocompatibility and
biodegradability (Kotodziejczak-Radzimska & Jesionowski, 2014).
Moreover, ZnO has a broad energy band (3.37 eV) with high bond energy
(60 meV) which is much larger than the thermal energy at room
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temperature (26 meV). This strong excitation binding energy can easily
realize the UV photo emission at room temperature, which leads to great
potential application in photocatalysis process.

To date, various methods have been implemented for the
production of ZnO nanoparticles such as precipitation (Kanade, Kale,
Aiyer, & Das, 2006), sonochemical (Banerjee, Chakrabarti, Maitra, &
Dutta, 2012), electrolysis (Nomura, Shibata, & Maeda, 2002) and
hydrothermal synthesis (Sekiguchi, Miyashita, Obara, Shishido, &
Sakagami, 2000). Among these methods, precipitation has been
recognized as the preferable technique since it provides a simpler route,
economical and occurs at moderately low temperatures (Hairom et al.,
2015). Precipitation process is the production of a solid in solution
through a chemical reaction between the reactants. The advantages of this
simple process are inexpensive, energy saving (room temperature) and
produce good yields with uniform shapes and sizes (Hairom et al., 2015).

However, one of the serious problems faced in the synthesis of
nanoparticles is agglomeration. Agglomeration is the interaction between
particles due to Ostwald ripening and Van Der Waals when the growth
of particle is not controlled (Sharma & Kumara, 2008). It can be
prevented by stabilising them electrostatically in suitable phases to
achieve the selected size (Saravanan, Diwakar, & Mohankumar, 2011).
In 2015, Dumbrava and his co-workers claimed that capping agent such
as polyvynil pyrrolidone (PVP) and polyethylene glycol (PEG) has a
great tendency as a stabilizing agent to prevent the aggregation of
particles.

Previously, Hairom, Mohammad, Ng, & Kadhum (2014a)
confirmed that the ZnO synthesized via precipitation under stirring
condition in the presence of PVP (ZnO-PVP-St) shows the great
performance in membrane photocatalytic reactor (MPR) in terms of
highest photodegradation efficiency and minimum membrane flux
decline. However, recent study was revealed that PEG has attracted
special attention as a green and inexpensive solvent in various chemical
transformations (Vafaeezadeh & Hashemi, 2015). Since the performance
of nanoparticles may be influenced by the preparation method, this study
intense to investigate the influence of PEG in synthesizing of ZnO
nanoparticles via precipitation method for photocatalytic degradation of
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dye wastewater. This simple and green approach is considered as a great
potential application in industry.

3.1 RESULTS AND DISCUSSION
3.1.1 Introduction

This chapter discusses the results that have been collected from
the experimental works according to procedure in chapter 3. The raw
results collected were tabulated in the Appendix B. The data collected
were analyzed and represented in form of table and graph. Then, it
discusses the results and research findings by comparing them with the
previous works mentioned in the literature review chapter.

3.1.2  Synthesis and characterization of ZnO-PEG-St
nanoparticles

Till date, nanostructures have attracted attention of researchers for their
many important technological applications. The synthesis of
nanostructures is a growing area of research. The synthesis of
nanostructures by a low-cost process and green method would be of great
technological importance. The ZnO-PEG-St nanostructures were
successfully synthesized by green precipitation method. Oxalic acid and
zinc acetate were mixed together. After 5 minutes of the reaction,
different amount of PEG was added into the solution and the solution was
continuously stirred at 300 rpm for 24 hours. After that, the white
precipitate formed was filtered by using vacuum suction and dried for 1
hour at 100°C by oven. This procedure was done to remove excess water
in the solution. Then, the white powder was calcined at 500°C for 3 hours
to remove impurity. In 2009, Akpan & Hameed reported that the
calcination temperature effect on the photocatalytic activity of ZnO-
TiO,. They have investigated on the photocatalytic degradation of
Rhodamine B. Their results also revealed that the photocatalytic activity
of Zn-TiO, rapidly increased and was optimum at 500°C as the
calcination temperature increased from 300°C to 500°C. Further increase
in the calcination temperature from 500°C to 900°C resulted in lower
photocatalytic activity of the prepared catalyst.
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ZnO-PEG-St was characterized by using FTIR. Based on the
Figure 3.1, the graph illustrates for FTIR spectrum of synthesized ZnO-
PEG-St (0.010 g/L of PEG). The O-H bonding was shown at the peak
546.68 cm™ and 3729.60 cm™. The band arises due to the O-H bending
of the hydroxyl group of water that reveals the existence of a small
amount of water absorbed by the ZnO-PEG-St nanostructures (Patra,
2007). The peak at 2337 cm™ and 2360.41 cm™ show the CO; bond. In
2005, Hlaing Oo and his co-worker reported that ZnO nanoparticles
contain CO, impurities. He also claimed that the use of the precursor
material such as zinc acetate can cause some of the impurities remaining
in the ZnO because of the precursor material and reaction product.
Furthermore, the peak at the 473.33 cm? show the characteristic
absorption of Zn-O bonding and also authenticates presence of ZnO. The
similar results were also reported by others researcher (Singh, Kumar, &
Malhotra, 2012).
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Figure 3.1: FTIR spectrum of synthesized ZnO-PEG-St (0.010 g/L of
PEG).
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Figure 3.2: FTIR spectrum of synthesized ZnO-PEG-St (0.015 g/L of
PEG).

Based on the Figure 3.2, the graph shows the FTIR spectrum of
synthesized ZnO-PEG-St (0.015 g/L of PEG). The trend of the graph
quite same compare in Figure 3.1. The O-H bonding was shown at the
peak 552 cm™ and 3702 cm™ indicate the hydroxyl group in the water.
The peak at 2360 cm™* show the CO, bond that show the ZnO has CO;
impurities. The peak at 473.33 cm-1 was assigned to the stretching band
of Zn-0O.

3.1.3  Photocatalytic activity for degradation of dye wastewater

Till to date, there are many types of semiconducting systems
have been studied for photocatalysis including TiO2, ZnO, ZrO,, CdS,
WOg3, and other (Mondal & Sharma, 2014). Most of them have band gap
in the UV (ultraviolet) region which equal to or greater than 3.36 eV
(Thiruvenkatachari, Vigneswaran, & Moon, 2008).Thus, these catalysts
promote photocatalytic reactions under the illumination of UV radiation
(Sung-Suh, Choi, Hah, Koo, & Bae, 2004). Surface area, surface defects
and band gap of the metal oxide nanostructured catalysts play an
important role in the photocatalysis (Thiruvenkatachari et al., 2008).
Zinc oxide is an excellent wide band gap, natural n-type semiconducting
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material with binding energy (60 MeV), abundant in nature, nontoxic
nature and environmental friendly photocatalyst (Jin, Wang, Sun,
Blakesley, & Greenham, 2008).

It can absorb wider range of spectrum of radiation which also
makes it more applicable for dye sensitized solar cells and solar
photovoltaic applications (Thiruvenkatachari et al., 2008).The
photocatalytic efficiency of ZnO nanomaterials is believed to be much
better than normal photocatalysts (F. Lu, Cai, & Zhang, 2008). It is
extensively used to treat wastewater, such as printing and dyeing wastes,
dairy and food wastewater, drugs and pesticides wastewater, textile
wastewater,  papermaking  wastewater, and  other related
(Thiruvenkatachari et al., 2008).

The mechanism of the photocatalytic degradation start with a
hole electron pair will be formed from the excitation of electrons and
leading to initiate the oxidation and reduction processes to generate the
strong oxidizing hydroxyl radical (OHe*). The hydroxyl radical played a
significant role for degradation of dyes and reduction of organic
compounds to carbon dioxide (CO,), clean water (H,O) and inorganic
constituents (Hairom et al., 2014b).

Furthermore, ZnO nanoparticles in presence of PEG was
successfully synthesized in this experiment. Then, the photocatalyst was
used to treat wastewater in different light intensity (UV and fluorescent).
The successful of synthesis ZnO nanoparticles can be measured when
more than 46% of dye had been removed from the wastewater. Recently,
Hairom et al., (2015a) had conducted experiment of membrane
photocatalytic reactor (MPR) by and their result shows that they can
remove 46% of dye from the wastewater. The result show that ZnO
nanoparticles contain PEG has great potential to act as photocatalyst for
wastewater treatment. In the photocatalytic activity for degradation of
dyes in wastewaters, the parameters that need to be studied are the effect
of light intensity under UV and fluorescent, the effect of different
photocatalyst and the effect of pH of the solution to be degraded These
parameters will be considered as they influenced the photocatalytic
processes of the degradation of dyes in wastewaters.
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3.1.4  Effect of light intensity

Light intensity is the important factor in the dye wastewater
treatment. This is because every chemical compound absorbs, transmits
or reflects light (Sanda, Victor, Monica, & Alina, 2012). In order to study
the effect of light intensity on photocatalytic activity of ZnO-PEG-St
(0.010 and 0.015 g/L of PEG), photocatalysis process have been carried
out under the fluorescence and UV light. This is due to the different light
intensity of the fluorescence (6W) and UV (15W). Figure 3.3 shows the
changing pattern of dye degradation during photocatalysis process in the
presence of ZnO-PEG-St (0.010 g/L of PEG) in 1-hour duration. The
wastewater contain ZnO-PEG-St are exposed under different condition
of light source, specifically ultraviolet (UV) lamp and fluorescent lamp.
According to the result in Figure 3.3, photocatalysis process under
fluorescent light demonstrate higher dye degradation rate in compared to
under UV light in the first 10 minutes. However, the degradation rate
under fluorescent light tends to become constant with 40.32% of dye
removal until 60 minutes of the photocatalysis process. On the contrary,
it was clearly observed that the dye degradation rate under UV light
significantly increased until 20 minutes of the photocatalysis process and
subsequently constant with 50% of dye removal up till 60 minutes of
process. The result proves that the photocatalytic degradation process
under UV light exposure is more efficient in compared to the condition
under fluorescent light.
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Figure 3.3: Dye removal versus time in the presence of ZnO-PEG-St
(0.010 g/L of PEG).

Based on Figure 3.4, the graphs show the increment percentage
of dissolve oxygen (DO) versus time for photocatalysis process in the
presence of ZnO-PEG-St (0.010 g/L of PEG) under UV and fluorescent
light. Dissolve oxygen is refer to the level of free, non-compound oxygen
present in water or other liquids (Prasad M.P.D, Sridevi V, Aswini N,
2015). It is an important parameter in assessing water quality because it
influences on the organisms living within a body of water. According to
Figure 3.4, the percentage of dissolve oxygen for dye wastewater treated
under UV and fluorescent light is 49.05% and 3.46%, respectively. The
result indicates that photocatalytic degradation process under UV light

not only improves the photocatalytic activity, but also increases the
dissolve oxygen in water.
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Figure 3.4: Percentage of dissolve oxygen increment versus time for
photocatalysis process in the presence of ZnO-PEG-St
(0.010 g/L of PEG) under UV and fluorescent light.

Figure 3.5 shows the trend of dye removal during photocatalysis
process in the presence of ZnO-PEG-St (0.015 g/L of PEG) in 1-hour
duration, under UV and fluorescent light. Under UV light condition, dye
degradation rate increased rapidly for the first 15 minutes and
consequently constant until 60 minutes of photocatalysis process with the
maximum dye removal (56.45%). In contrast, dye degradation is not
occurring for the first 10 minutes of photocatalysis process under
fluorescent light condition. However, the dye degradation rate was
increased after 10 minutes until 25 minutes of the process and become
constant up till 1 hour with the maximum dye removal of 48.39%. Based
on the results, it can be deduced that the photocatalytic activity of the
photocatalyst used under UV light is more efficient than fluorescent light.
This is because UV light can increase the photoexcitation of the ZnO-
PEG-St faster than fluorescent light. These findings strongly support the
results in sub topic
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Figure 3.5: Dye removal versus time for photocatalysis process in the
presence of ZnO-PEG-St (0.015 g/L of PEG) under UV
and fluorescent light.

Based on Figure 3.6, the graphs show the changing pattern of increment
percentage of dissolve oxygen versus time for photocatalysis process in
the presence of of ZnO-PEG-St (0.015 g/L of PEG) under UV and
fluorescent. At the 5 minutes, the percentage of dissolve oxygen for ZnO-
PEG-St (0.015 g/L of PEG) under UV is 62.88% while 2.23% under
fluorescent. It was clearly seen that the percentage of dissolve oxygen for
the wastewater treated under UV light is constant at 53.96% while 5.24%
for the wastewater under fluorescent. This show that by treat the
wastewater under UV is more effective than under fluorescent light. This
is because more oxygen level produced after treated under UV.
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Figure 3.6: Percentage of dissolve oxygen increment versus time for
photocatalysis process in the presence of ZnO-PEG-St
(0.015 g/L of PEG) under UV and fluorescent light.

To discuss more about the comparison between the light
intensity. The percentage degradation of dyes in wastewater improved
with increasing exposed light intensity (Meena, R. C.; Pachwarya, R. B.;
Meena, 2009). Mondal & Sharma (2014) state that under the elevated
intensity of light irradiation, the enhancement was significantly higher
since the electron-hole formation is predominant at high irradiation
intensity and, therefore, electron-hole recombination probability is in
significant. However, when irradiated light intensity becomes very poor,
separation of electron-hole pair competes with recombination which
consecutively decreases the formation of free radicals, thus, causing less
result on the percentage degradation of the waste water. The greater part
of photocatalytic degradation studies has been carried out at 600 nm.
Furthermore, the amount of dissolve oxygen increases for both
photocatalyst during the treatment. However, ZnO-PEG-St under UV
light shows the higher increment of dissolve oxygen compare to
fluorescent. The result show ZnO-PEG-St (0.015 g/L of PEG) under UV
light has better performance compare to other photocatalyst. In
conclusion, as the light intensity of UV light is much higher than the
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fluorescent light, the photocatalytic degradation of dye wastewater is
more suitable conducted under UV light compared to the fluorescent
light.

3.1.5  Effect of different photocatalysts

Photocatalyst is a material that acts as catalyst when exposed to
light. There are various materials that show photocatalytic capability,
such as titanium dioxide (TiO), zinc oxide (ZnO), and tin oxide(SnO,)
(He & Zhou, 2013).However, nanosized ZnO has been shown as the most
efficient functional materials for photocatalytic applications due to
available at low cost, exhibit mild reaction conditions and high
photochemical reactivity, while affording the use of UV and fluorescent
(Mondal & Sharma, 2014).The photocatalytic reactions happens in such
treatment somehow identical to heterogeneous catalysis which includes
the simultaneous adsorption of oxygen and organic reactant species
present on the waste, followed by the oxidation on the ZnO photocatalyst
surfaces. Zinc oxide is a photoactive semiconducting material oxide and
able to activate itself by taking energy for the photocatalytic reaction
from photons. It also has known as an effective photocatalyst for water
detoxification, organic pollutant decomposition and other photolysis
because it produces hydrogen peroxide (H.O2) more proficiently.
However, the performance of different photocatalysts will depend on the
types of materials and their preparation method (Hairom et al., 2014 and
2015). Therefore, the efficiency of different ZnO-PEG-St (0.010g/L and
0.015 g/L of PEG) as photocatalyst was investigated in this study to treat
the dye wastewater under UV and fluorescent light. Significant of this
study is to examine the optimum amount of PEG for preparation method
of ZnO-PEG-St nanopatrticles.
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3.1.6  Photocatalysis under UV light

Figure 3.7 reveals the trend of dye removal against time for
photocatalysis process under UV light condition in the presence of
different photocatalyst, ZnO-PEG-St (0.010 g/L of PEG) and ZnO-PEG-
St (0.015 g/L of PEG). Based on the result, the wastewater contains ZnO-
PEG-St (0.010 g/L of PEG) degraded faster for the first 10 minutes with
24.19-30.00% of dye removal. In compared to the presence of ZnO-PEG-
St (0.015 g/L of PEG), dye removal was achieved in the range of 17.74-
22.00% for the first 10 minutes. However, the dye degradation rate was
found to increase rapidly until 15 minutes and consequently constant at
56.45% of dye removal until 60 minutes of photocatalysis process, in the
presence of ZnO-PEG-St (0.015 g/L of PEG). For the case of ZnO-PEG-
St (0.010 g/L of PEG), it was clearly observed that the dye degradation
rate increases slightly after 10 min until 20 min and become constant at
50.00% of dye removal. Therefore, the results proved that the
photocatalysis process in the presence of ZnO-PEG-St (0.015 g/L of
PEG) is more efficient in compared to ZnO-PEG-St (0.010 g/L of PEG)
under the same UV light intensity.
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Figure 3.7: Dye removal versus time for photocatalysis process in the
presence of ZnO-PEG-St (0.015 g/L and 0.010 g/L of PEG) under UV.
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The graphs in Figure 3.8 show the changing pattern of DO
increment percentage against time for photocatalysis process under UV
light condition in the presence of different photocatalyst. Based on the
Figure 3.8, increment percentage of dissolve oxygen for the wastewater
in the presence of ZnO-PEG-St (0.010 ¢g/L of PEG) and ZnO-PEG-St
(0.015 ¢/L of PEG) after 5 min is 48.38% and 62.88%, respectively.
Consequently, the DO percentage was slightly declined and become
constant at 49.05% and 53.96%, respectively starting from 15™ min to 60
min. Hence, it was found that the DO increment for photocatalysis
process in the presence of ZnO-PEG-St (0.015 g/L of PEG) is higher than
ZnO-PEG-St (0.010 g/L of PEG) under ultraviolet (UV) light condition.
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Figure 3.8: Percentage of dissolve oxygen increment versus time for
photocatalysis process in the presence of ZnO-PEG-St
(0.015 g/L and 0.010 g/L of PEG) under UV.

In the UV light condition, the percentage of dye removal for
ZnO-PEG-St contain 0.010 g/L amount of PEG is 50% whilst ZnO-PEG-
St contain 0.015 g/L of PEG reads 56.45% of dye removal. ZnO-PEG-St
contain 0.015 g/L of PEG can be proved to be more effective compared
to ZnO-PEG-St contain 0.010 g/L of PEG under the same UV light. This
is because the amount of PEG that act as capping agent influence the
effect of photocatalysis process. Based on the literature, capping agent

51



Materials : Technology and Applications Series 1
ISBN 978-967-2389-09-5

2019

can solve the serious problems faced in the synthesis of ZnO
nanoparticles, which is agglomeration.

In 2013,W. Wang and his co-workers state that one of the way
to reduce the agglomeration is by using PEG. Thus, the smallest particles
of ZnO nanoparticles can be produce with low tendency of
agglomeration. From the result, we can conclude that more amount of
PEG can increase the efficiency of the dye removal by reducing the size
particle of ZnO nanoparticles. Furthermore, the amount of dissolve
oxygen increases for both photocatalyst during the treatment. However,
ZnO-PEG-St contain 0.015 g/L of PEG shows the higher increment of
dissolve oxygen compare to the ZnO-PEG-St contain 0.010 g/L of PEG.
This show the positive result of the experiment for the dye wastewater
treatment.

3.1.7  Photocatalysis under fluorescent light

Figure 3.9 demonstrates the trend of dye against time for photocatalysis
process under fluorescent light condition in the presence of different
photocatalyst, ZnO-PEG-St (0.010 g/L of PEG) and ZnO-PEG-St (0.015
g/L of PEG). Based on the result, the wastewater contains ZnO-PEG-St
(0.010 g/L of PEG) degraded faster for the first 10 minutes with 35.48-
37.00% of dye removal. In compared to the presence of ZnO-PEG-St
(0.015 g/L of PEG), dye removal was achieved in the range of 0-5.00%
for the first 10 minutes. However, the dye degradation rate was found to
increase rapidly until 30 minutes and consequently constant at 48.39% of
dye removal until 60 minutes of photoctalysis process, in the presence of
ZnO-PEG-St (0.015 g/L of PEG). For the case of ZnO-PEG-St (0.010
g/L of PEG), it was clearly observed that the dye degradation rate
increases slightly after 10 min until 15 min and become constant at
40.32% of dye removal. Therefore, the results proved that the
photocatalysis process in the presence of ZnO-PEG-St (0.015 g/L of
PEG) is more efficient in compared to ZnO-PEG-St (0.010 g/L of PEG)
under the same fluorescent light intensity.
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Figure 3.9: Dye removal versus time for photocatalysis process in the
presence of ZnO-PEG-St (0.015 g/L and 0.010 g/L of
PEG) under fluorescent.

Figure 3.10 demonstrates the trend of percentage of dissolve
oxygen against time for photocatalysis process under fluorescent light
condition in the presence of different photocatalyst, ZnO-PEG-St (0.010
g/L of PEG) and ZnO-PEG-St (0.015 g/L of PEG). Based on the Figure,
increment percentage of dissolve oxygen for the wastewater in the
presence of ZnO-PEG-St (0.010 g/L of PEG) and ZnO-PEG-St (0.015
g/L of PEG) after 5 min is 2.33% respectively. The, increment percentage
for ZnO-PEG-St (0.010 g/L of PEG) start to become constant after 10
minutes the the value 3.46%. Consequently, the DO percentage was
slightly declined at 20 minutes for ZnO-PEG-St (0.015 g/L of PEG) and
become constant at 5.24%. Hence, it was found that the DO increment
for photocatalysis process in the presence of ZnO-PEG-St (0.015 g/L of
PEG) is higher than ZnO-PEG-St (0.010 g/L of PEG) under fluorescent
light condition.
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Figure 3.10 Percentage of dissolve oxygen increment versus time for
photocatalysis process in the presence of ZnO-PEG-St
(0.015 g/L and 0.010 g/L of PEG) under fluorescent

In the fluorescent condition, the percentage of dye removal for
ZnO-PEG-St contain 0.010 g/L amount of PEG is 40.32% whilst ZnO-
PEG-St contain 0.015 g/L of PEG reads 48.39% of dye removal. The
result show that ZnO nanoparticles contain higher amount of PEG can
produce better percentage of dye removal because it can increase the
surface area of ZnO nanoparticle. Mondal & Sharma, (2014) state that
there are more number of atoms resides on the surface, it enhances the
adsorption capacity of the photocatalysts towards organic pollutants. The
activity of photocatalysis is associated with the time exhausted by
electrons and holes to get to the surface of the particles. The higher the
surface to volume ratio, smaller the particle diameter and the smaller time
may be used up by charge carriers diffusing to the surface from inside.
This can provide lesser probability of electron and holes recombination.
Therefore, the superior photocatalytic activity can be achieved.
Furthermore, the amount of dissolve oxygen increases for both
photocatalyst during the treatment. However, ZnO-PEG-St contain 0.015
g/L of PEG shows the higher increment of dissolve oxygen compare to
the ZnO-PEG-St contain 0.010 g/L of PEG. This show the positive result
of the experiment for the dye wastewater treatment.
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3.1.8  Effect of ZnO-PEG-St on pH

The pH value of the aqueous solution is a key parameter for
photocatalytic degradation of wastewater and dyes because it affects the
adsorption of pollutants that happens at the surface of photocatalysts
(Mondal & Sharma, 2014). The wastewater produces from textile
generally have a wide range of pH values. Furthermore, the generation
of hydroxyl radicals which is necessary for the photocatalytic reaction
also depends on pH of the solution (Lawless, Serpone, & Meisel, 1991).
Table 3.1 show the PH of ZnO-PEG-St (0.010 g/L and 0.015 g/L of PEG)
under fluorescent and UV. At the initial experiment, the pH was
maintained at pH 7. Then, the final pH was recorded at the end of
experiment. Based on the table 3.1, the range of pH is in the range of 6
to 8.

Table 3.1: pH of ZnO-PEG-St (0.010 g/L and 0.015 g/L of PEG) under
fluorescent and UV

Time PH of ZnO-PEG-St PH of ZnO-PEG-St (0.015
(minutes) (0.010 g/L of PEG) g/L of PEG)

Fluorescent uv Fluorescent uv
0 6.80 6.80 6.80 6.80
5 6.91 6.92 6.91 7.44
10 6.92 6.93 6.91 7.55
15 6.91 6.91 6.92 7.55
20 6.91 6.90 6.92 7.55
25 6.91 6.90 6.91 7.55
30 6.91 6.90 6.91 7.55
35 6.91 6.90 6.91 7.55
40 6.91 6.90 6.91 7.55
45 6.91 6.90 6.91 7.55
50 6.91 6.90 6.91 7.55
55 6.91 6.90 6.91 7.55
60 6.91 6.90 6.91 7.55
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Based on the experiment, the initial pH was adjusted to the pH 7. This
due to the previous study by Hairom et al., (2014a). Based on the result,
the pH was in the range of 6-9. This pH range was suitable to discharge
to the environment and follow the standard (Tamime, 2009).

3.2 RECOMMENDATION AND CONCLUSION
3.2.1 Introduction

This chapter discusses the recommendation of the project to give the
better impact in the future. Then, the conclusions are drawn based on the
project findings and their implications.

3.2.2  Conclusion

Reviewing the recent representative publications, the function of various
operating parameters on the photocatalytic decomposition of various
organic dyes in wastewater explored in this review. ZnO have been
recommended to be efficient photocatalysts for the degradation and
mineralisation of various toxic organic pollutants such as azo dyes in
wastewater water. In this experiment, ZnO nanoparticles of hexagonal
wurtzite structure was completely synthesized by using simple
precipitation method in the presence of different amount of PEG (ZnO-
PEG-St). ZnO-PEG-St was characterized by using FTIR. The FTIR
spectral analysis reveals the characteristics peaks for Zn-O stretching.
The absorption of water molecules on the ZnO nanoparticles is
confirmed by FTIR spectra. Furthermore, the performance of the
different ZnO-PEG-St as photocatalyst for photocatalytic degradation of
dyes was studied. The result show that ZnO-PEG-St contain 0.015 g/L
of PEG under UV light is better compared to other photocatalyst. The
research also discovered that the UV energy gives improved efficiency
in degradation of dyes compared to the fluorescent light. This this
because the light intensity of UV light much higher compared to the
fluorescent light. Oxygen levels showed an increase during the
experiment under fluorescent lamps and UV lamps and a higher rise is in
a state of UV light.
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4.1 INTRODUCTION

Current metal biomaterials for biomedical applications tend to use a lot
of prosthetic devices (prosthetic devices) to help, repair and regeneration
of damaged tissue. Metallic biomaterials can be used as a permanent
function or temporary functions. However, metal biomaterials is still in
need of repairs and improvements in biocompatibility and
biofunctionality [1]. Several researches conducted to study the behavior
of metallic implants in order to improve the biocompatibility in the last
few years [2, 3]. Recent studies on the in vivo have shown that metal ions
and particles are separated due to the friction of the implant that can cause
damage to the soft tissue [4]. General agreement that the important
factors affecting the longevity of orthopedic implants are the release of
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metal ions from the implant [4-6], formation of debris associated with
the problem of tissue inflammation, bone loss and loosened implant [7].
Therefore, efforts should be made is the improvement of the mechanical
properties.

In titanium (Ti) and its alloys have been carried out efforts to improve
the mechanical properties by controlling processing conditions [8]. The
processing is done by the application of treatment and the addition of
numbers of elements [1, 9-13]. Some of the treatment given to the Ti
alloy can change its properties such as texture control, heat treatment
(aging) as well as combination deformation-heat treatment [1, 11]. The
deformation process often given in Ti alloys includes equal channel
angular pressing (ECAP), accumulative roll bonding (ARB) and high
pressure torsion (HPT) [1]. Table 4.1 showing the effect of elements on
titanium (Ti) and its alloys which gives an effect on the cost production
and ease of implant is removed.
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Table 4.1: Selection of titanium (Ti) and its alloys based on the
consumption of the elements against the cost (high and low) and
removable implants [1]

Ti alloys with

Ti alloys with consumption  consumption of Ti alloys for
. removable
of high cost elements low cost .
implants
elements
Ti-13Nb-13Zr Ti—10Cr-Al Ti—Zr-Nb
Ti-12Mo-6Zr-2Fe (TMZF) . .
Ti—-Mn-Fe Ti—Zr—Nb-Ta
(ASTM F1813) ' '
Ti-15Mo . .
Ti-Mn-Al Ti-Zr-Al-V
(ASTM F2066) ' !
Ti-16Nb-10Hf (Tiadyne . a7y
1610) Ti—Cr-Al Ti-30Zr-5Mo
Ti-15Mo-5Zr-3Al Ti-Sn-Cr Ti-30Zr-7Mo
Ti-35.5Nb-7.1Zr-5.1Ta . .
(TNZT) Ti—Cr-Sn-Zr Ti-30Zr-5Cr
Ti—-29Nb-13Ta-4.6Zr . Ti-30Zr-3Cr—
(TNTZ) Ti—(Cr, Mn)-Sn 3Mo
Ti-Nb-In Ti-12Cr
Ti—24Nb-4Zr-7.9Sn
(Ti2448)
Ti-Cr-Sn-Zr
Ti-Zr-Cr
Ti-Zr-Mo
Ti-Zr-Mo-Cr
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4.2 BIODEGRADABLE METALS
4.2.1  Definition and Concept of Biodegradable Metals

The term “biodegradable metal” (BM) has been used worldwide and
there were many new findings reported over the last decade [14].
Hopefully, the advent of this new implant materials can support the
healing process of diseased tissue or organ and subsequently degraded
slowly [15]. Definition of biodegradable metals (BMs) according to Li,
Zheng et al. 2014 is a metals that were expected to corrode in vivo, where
the corrosion products of metals provide response corresponding to the
"host" and dissolve completely upon fulfilling the mission to assist the
tissue healing with no implant residues [16].

From the point of view of materials science, biodegradable metals can be
classified as follows: [14]

e  “Pure metals” (BMs-PM) is a metal with one metallic element
with impurity levels lower than the commercial tolerance limits.

e  “Biodegradable alloys” (BMs-BA) is a metal with various
microstructures and one or more alloying elements.

e  “Biodegradable metal matrix composites” (BMs-MC) is all the
components forming biodegradable composites have a category of
the materials are non-toxic to the body.

Li, Zheng et al. 2014 said the development of new materials along with
the improvement of living standards and expectations of quality of life
[16]. In other clinical applications only require temporary support to the
healing process of tissue [16], therefore, required new materials. Such
support is only derived from material made of degradable biomaterials
[15, 17]. Biodegradable concept has long been known, for example in
biodegradable polymer sutures [16]. There are two degradable
biomaterial implants that have been proposed: biodegradable polymers
and biodegradable metals [15]. However, biodegradable polymers have
biomechanical limitation compared to biodegradable metals [18]. On the
other hand, biodegradable metals have both the strength and the ability
to degrade [19]. During the past several years, biodegradable metals were
used as a temporary implant material for vascular intervention and
osteosynthesis [20-26].
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4.2.2  Magnesium-based biodegradable metals

When viewed from the alloying elements, there are three major groups
of magnesium alloys including pure magnesium (pure Mg), magnesium
alloys with the main alloying elements Al and alloys magnesium free of
alloying elements Al [27-30].

4.2.3  Pure magnesium

Pure magnesium is magnesium with other elements (impurities) within
tolerance limit. If impurities exceed the tolerance limit, the corrosion rate
will increase [31, 32]. The corrosion resistance of pure magnesium is
higher by improving the grain size through forging or rolling and heat
treatment [32]. The heating temperature and the length of time of the heat
treatment must be considered properly. Otherwise, it would get the
opposite result [32].

Therefore pure magnesium demonstrated the ability to stimulate new
bone formation, Huang, Ren et al and Gao, Qiao et al still worrying about
its mechanical properties in orthopedic applications [33, 34]. Li and
Zheng said that the pure magnesium is not the right material for
biodegradable vascular stents [32].

4.2.4  Magnesium alloys with the main alloying elements Al

Types of magnesium alloys containing elements of Al are AZ91, AZ31,
AE?21, Calcium (Ca) modified AZ alloys and AE42 [35, 36]. LAE442
alloy is the development of magnesium alloys (AE42) with low density
but it will increase the ductility and corrosion resistance [37].

Additional of Mn increase the ductility and corrosion control with bind
Fe (adverse effect from Fe on the corrosion behavior) [30]. Addition of
Zn can form a solid solution strengthening [35] to increase strength and
castability [30]. However, when combined with Al larger (> 2wt.%) it
result in embrittlement [36]. Other alloying elements in magnesium
alloys containing Al is Lithium. Lithium has unique properties which
are able to change the lattice structure of the HCP into BCC in
magnesium alloys [38].
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425  Free-Al Magnesium alloy

Magnesium alloys with free-Al are WE, MZ, WZ and Mg-Ca alloys
[30]. The addition of some elements such as Yttrium (YY), zirconium (Zr),
Zinc (Zn) and RE almost certain to improve the properties (creep
resistance, high temperature stability and forgingability) of the alloy in
transportation industry applications [35, 36].

4.2.6  Iron-based biodegradable metals

Pure Fe and Fe based alloys have been developed as biodegradable
metals other than Mg and Mg based alloys [1]. From the point of view of
structure, Mg and Mg based alloys do not always meet the mechanical
properties while pure Fe and Fe based alloys have higher strength [1, 39,
40]. Pure Fe and Fe based alloys are considered as candidate to be used
as an alternative to biodegradable implant material [26, 41-44].

The results of pure Fe in vivo tests showed no toxicity [45]. But the
results of in vitro showed the concentration of iron ions in the body
should not be more than 50 pg/ml because it will cause toxicity and cell
death [44, 46]. One thing to note is the excessive degradation after
implantation of pure iron at the organism. This is because it is dangerous
for the healing of wounds, especially in the early stages of operation [42,
47].

4.3 MATERIALS PROCESSING

Currently, processing material reliable cannot be separated from the
increased mechanical properties, alloy design advances (the influence of
alloying elements) and process optimization [8, 48]. Magnesium and its
alloys still have some issues that should be considered as limited
mechanical properties and the problems with low corrosion resistance
[49]. Attempts have been made regarding the development of magnesium
and its alloys by reducing and controlling the corrosion rate and
maintaining biocompatibility [49]. Generally, there are two ways to
improve the corrosion behavior of magnesium and its alloys: (a)
adjusting the composition and microstructure, including grain size [29,
50] and texture [51] from base material (not only of alloys) [52], but
through development of optimal methods of production and availability
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of raw materials [53]; (b) conducting a surface treatment or coating [54]
such as using ceramic, polymer or composite layer [49].

Arrangements the chemical composition of Mg and its alloys
has been carried out since 1990 for transportation applications and recent
years, particular researchers of biomaterials were interested in
developing a variety of medical devices made from Magnesium alloys
[20, 28, 55-66].

The corrosion resistance of pure magnesium is higher by
improving the grain size through forging or rolling and heat treatment
[32]. As for magnesium alloys with main alloying element Al commonly
formed complex compounds to solid solution strengthening,
precipitation strengthening and grain-boundaries strengthening [30]. The
addition of the element Rare earths (RE) in the magnesium alloys with
main alloying element Al and magnesium alloys with free-Al have
several contributions such as strengthening, raising the creep resistance,
increasing corrosion resistance [67], forgingability [35, 36] and all efforts
made to improve services Mg alloys in the transportation industry [35,
36, 67]. Based on research, recommended types magnesium alloys used
for biomedical use in human is magnesium alloys free-Al without
harmful elements such as RE [68]. Therefore, good alloys element
candidates to be used in biomedical magnesium alloys include Ca, Mn
and Zn [63, 69, 70].

While efforts were made to pure Fe and Fe based alloys is to
increase the degradation rate is still very low and considered to have the
same reaction with a permanent implant [42, 71]. Development of
research results of pure Fe and Fe based alloys is still of concern to such
as the attainment of the level of degradation, mechanical performance
and maintaining biocompatibility [71]. To get the appropriate design,
there are several things that must be considered like manufacturing
process, selection of elements alloys [39, 42, 45] and heat treatment to
control the grain size [1, 39, 72].
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For other biodegradable metals such as Zn a metallic element
that is important and second most widely found in the human body [73].
Currently, Zinc is used as an alloying element, especially in
biodegradable metal Mg-based [16]. Efforts made to alter the mechanical
properties of pure Zn by adding alloying elements and adjustment
microstructure through mechanical deformation [16]. The mechanical
deformation effective to improve the mechanical properties and
corrosion properties of biodegradable metal are rolling (hot/cold),
extrusion, equal-channel angular pressing (ECAP), high pressure torsion
(HPT), drawing and forging can be seen in Figure 4.1 [14, 57, 74].

&

(a)

ROLLING

Figure 4.1: Schematic mechanical deformation for biodegradable
metals
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Materials processing can be selected based on specific
application [75]. An example is the friction welding process. Nasution,
Murni et al. 2014 has done a friction welding between pure Fe
(biodegradable metal) and SS316L (inert metal) for treating temporary
clinical problems such as bone fracture [76]. Friction welding has a
number of advantages such as low heat input, narrow heat-affected zone
(HAZ), and low residual stresses [76] and distortion [75-77]. The results
of the connection of welding dissimilar materials can be seen in Figure
4.2.

Weld interface

Figure 4.2: Dissimilar metals were joined through the friction welding
4.4 CHARACTERIZATION
4.4.1  Potentiodynamic polarization test (PDP)

The most commonly used technique to evaluate the degradation
behaviour of the biodegradable metallic implants is potentiodynamic
polarization test. The PDP plays a vital role in determining and
quantifying the mechanistic corrosion of the biodegradable metals in
simulated body fluid (SBF). An external voltage is applied by a
potentiostat and the corresponding current density on the working
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electrode (samples) is monitored. 3-electrodes set up are often used in the
test comprising of a reference electrode (Ag/AgCl, saturated Calomel),
an auxiliary electrode (Graphite, Platinum) and a working electrode
(tested samples). The reference electrode is used to measure the working
electrode potential. A reference electrode should have a constant
electrochemical potential as long as no current flows through it. The
auxiliary/counter electrode functions to provide a complete circuit
allowing current to flow between the working electrode [78]. Figure 4.3
shows the 3-electrodes configuration for the PDP test in estimating the
corrosion rate of the biodegradable metals.

Potentiostat

Reference electrode (RE)

WE terminal

Working electrode (WE) RE terminal

CE terminal

Counter electrode (CE)

Figure 4.3: 3-electrodes set-up for the potentiodynamic polarization
test

4.4.1.1 Interpretation of the PDP curves

The PDP curves could provide a quantitative interpretation on the
corrosion rate of the different samples, as shown in Figure 4.4.
Qualitatively, from the Figure 4, corrosion rate of sample A is higher than
that of sample B and sample C in the order of sample A > sample B >
sample C, as the curve of sample A resides at the rightmost indicating
the highest current density, icorr. Current density measures the electrical
current flowing through the exposed area of the working electrode.

Tafel slopes are constructed on both the anodic and cathodic
branches of the polarization curves and the slopes can be extrapolated
back to the open-circuit corrosion potential to give a corrosion current
density. Quantitatively, the current density of the sample A, sample B
and sample C are about 6.9 x 10-6, 2.3 x 10-6, and 6 x 10-7 A/cm2,
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respectively, determined by the Tafel extrapolation method. The
corrosion rate is directly proportional to the current density.

Through the PDP curve as well, the corrosion potential Ecorr can
be quantified. It is a potential at which the rate of oxidation is exactly
equal to the rate of reduction. At this potential, the anodic currents and
cathodic currents are equal in magnitude and hence no net current could
be measured. At this potential, all electrons generated by oxidation metal
in dissolution reaction are consumed by oxidant reduction reaction on the
same metal surface.

Ecorr,c

Ecorrh

Potential (V)/ Ag/AgClI

-0.8

= Ecorr,a

A PRI ERTTTT BT
1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01
Current density, i(AIcmz)

-1.0 aanad 2 sassed s saseed o sasmed o say

Figure 4.4 Determination of corrosion potential and corrosion current
density through Tafel extrapolation technique.

The corrosion current density determined from the Tafel
extrapolation method then will be used to calculate the corrosion rate of
the corroding metals. Based on the ASTM G59-97 (2014), the corrosion
rate can be estimated by the following expression
EW

corr

i
CR =3.27x10%.—
p

where icon= corrosion current density (LA/cm2), EW = equivalent weight
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and p = density.

ASTM G59 — 97 (2014) and ASTM G5 — 14 are utilized as the guidance
to conduct the PDP test and to analyse the results obtained

The quantification of the corrosion rates of the biodegradable
metals in the implant application researches is an indispensable aspect
since the degradation rate should be monitored over the implantation
period so as it tailors with the tissue healing time [79]. In many
biodegradation studies, the corrosion rates of pure Fe, pure Mg, Fe-based
alloys and Mg-based alloys have been determined by the PDP test
through the Tafel extrapolation method [80-83]

4.4.2  Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is one of the vital techniques
in characterizing the corrosion behaviour of the biodegradable metals,
particularly for the coated metals. In EIS, the frequency is applied by the
potentiostat and the corresponding impedances are obtained.

In recent years, EIS have been of great interests in the study of
corrosion system whereby it has been used effectively to measure the
polarization resistance for corrosion systems. It is very useful in order to
characterize a coated metal substrate by analysing two occurrences: (1)
the deterioration of the coating due to electrolyte exposure (2) the
increase or change in corrosion rate of the underlying substrate due to the
deterioration or delamination of the coating and subsequent attack by the
electrolyte. In EIS, the electrochemical interaction at electrode -
electrolyte interface can be characterized by an analogous electronic
equivalent circuit consisting of a specific combination of resistors and
capacitor. The equivalent circuits are constructed after getting the data of
applied frequencies (f), imaginary impedances (Zi), real impedances
(Zreal), absolute impedances (|Z|) and phase angles (0) with the aid of
special software. Simply speaking, an equivalent circuit transforms the
frequency response data to corrosion properties in terms of resistance and
impedance.
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Nyquist plot gives the plot of the real part of impedance against the
imaginary part. This plot gives a quick overview of the data and provides
some qualitative interpretations from the shape of the curves. Another
plot, called Bode plot indicates the absolute impedances, |Z| and the
phase angles, 8 of the impedances, each as a function of frequency.
Figure 4.5 shows the typical equivalent circuit of an organic coating on
a metal substrate.

capacitance

! 1
Solution | Coating Degradation Metal
(electrolyte) | layer layer/reaction — substrate —

|

|

|  Coating

|

|

Double layer

Reference capacitance

electrode Working

| | electrode
VAN T— O

Uncompensated
resistance

Coating
resistance

/\/\/\

! \
| Polarization |
| resistance |
' |

Figure 4.5 Typical equivalent circuit of a coated metal

It is noteworthy to define some important parameters in the EIS.
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a) Ohmic resistance (RQ)

Ohmic resistance or so-called uncompensated resistance is the potential
drop between the reference electrode and the working electrode. It
depends on the conductivity of the electrolyte and the geometry of the
electrode as well.

b) Pore resistance, Rpo

Rpo is a resistance developed by the organic coating. It may indicate the
coating’s porosity as the resistance will decrease once the coating
experienced an increase of porosity.

c) Polarization resistance, Rp

The corrosion rate of the metal substrate beneath the coating can be
interpreted by the Rp. High Rp of a metal implies high corrosion
resistance. The value of Rp can be estimated through the equivalent
circuit modelled.

d) Coating capacitance, CC

The Cc is an important parameter in analysing the coating failure. For
polymer-coated metal, the coating capacitance is given by:

€€,
Cc=—24
‘T

Where, ¢ is the dielectric constant of the coating, €0 is the dielectric
constant of vacuum, A is the area of the coating, d is the thickness of the
coating. When water penetrates the coating, its dielectric constant
increases, leading to an increase of coating capacitance. Hence, the
coating capacitance can be utilized to measure the water uptake by the
coating.
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e) Double layer capacitance, Cdl

Cdl is the capacitance at which the corrosion reaction takes place. It may
indicate the delamination or deterioration of the coating.

f) Constant Phase Element, CPE

In some cases, CPE is used in replacing the capacitance considering the

deviation from ideal capacitor behaviour owing to the certain
heterogeneity of the electrode surfaces.

CPE =

Yo(w)"

where, Y; is the admittance of an ideal capacitance and nis an empirical
constant, ranging from 0 to 1. When n= 1, the CPE behaves as a pure
capacitor, while when n= 0, the CPE behaves a pure resistor.

g) Warburg Impedance, W

The diffusion of ionic species at the metal-electrolyte interface is
modelled by the Warburg impedance. Warburg impedance is
characterized by having identical real and imaginary contributions,
resulting in a phase angle of 45° in a Bode plot. The Warburg impedance
is determined by the following expression;

1

w =
YoVjw

where, Y_0 is the diffusion admittance.
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Table 4.2: Shows typical Nyquist plots in the case of organic coated-
metal being immersed in an electrolyte indicating the electrochemical
interaction at metal-electrolyte interface.

Nyquist plots Description

o Development of a
low pore
resistance, Rpo

e Penetrating of the
electrolyte via the
pore channel to the
surface of the

Ziea underlying metal.

e Two impedance
loops

o First smaller loop
indicates coating
capacitance Cc
and second loop
postulates double
layer capacitance
Cai

e Warburg
impedance
indicated by the
45°- slope line.

¢ Diffusion of the
electrolyte ionic
species on the

Z metal surfaces.

Zreal

There have been intense uses of the EIS in studying the corrosion
behaviour of the biodegradable metals particularly of the coated metals.
An EIS study has been conducted on PLA coated- AZ91 magnesium
alloy samples. The degradation resistance created by the PLA coating
were evaluated by examining the changes in the Nyquist plots at
predetermined time intervals [84]. Another EIS study by Zomorodian et
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al. employed a composite coating comprising of polyether imide PEl,
diethylene triamine and hydroxyapatite applied on AZ31 magnesium
alloys. The coating performance was evaluated using EIS technique for
88 days by analysing the changes in the absolute impedances, |Z| and the
phase angles, 6 of the impedances through the Bode plots [85]. Very
recently, both Nyquist plot and Bode plot have been analysed in an EIS
study to investigate the degradation behaviour of Fe-Au and Fe-Ag
composite biodegradable stents [83].

4.5 CONCLUSION

This chapter has presented a brief report on material processing and
characterization in the development of current biodegradable implants.
Although this chapter is intended as an a preliminary introduction to the
processing of materials and the characterization of biodegradable
implants includes the measurement and determination of the corrosion
rate of biodegradable implants. Measurement and determination of
corrosion rates using potentiodynamic polarization tests and
electrochemical impedance spectroscopy are currently widely used by
researchers in the field of biomaterials.
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CHAPTER 5

CHARACTERIZATION OF NITROGEN AND MAGNESIUM-
DOPED WITH TITANIUM DIOXIDE AT DIFFERENT
CALCINATION TEMPERATURE USING X-RAY
DIFFRACTION (XRD)

Nur’ Aliaa Razali and Siti Amira Othman

Department of Physics and Chemistry,
Faculty of Applied Sciences and Technology,
Universiti Tun Hussein Onn Malaysia, Pagoh Campus, KM 1, Jalan
Panchor, 84600 Panchor, Johor.

5.0 INTRODUCTION

In photocatalysis, titanium dioxide is often used as the catalyst due to the
cheap raw materials, easy to obtain and also environmental friendly.
There is no side product that will harm the environment discharged from
the process as semiconductor catalysts such as TiO2 and ZnO have been
widely used to mineralize harmful organic pollutants in wastewater into
harmless inorganic nontoxic compounds such as CO2, HCI and water,
thus it is very recommended to be applied in the wastewater treatment
process [1]. Titanium dioxide is made up of TiOs octahedral. This
arrangement of octahedral make the structure consists of three different
of polymorphs which are anatase, rutile and brookite [2]. Basically, the
rutile part is thermodynamically stable, while anatase and brookite
categorized as metastable.

Despites of all the advantages of this photocatalyst, titanium
dioxide is capable to act as sensitizer for light which will reduce the redox
process due to their electronic structure. The best part is that the titanium
dioxide can be chemically activated by light, thus in the industry, water
treatment, air-cleaning or self-cleaning for the building often used
titanium dioxide which helps the cleaning process become easier.
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However, titanium dioxide only can be applied when the Ultra
Violet (UV) light is presence in order to activate the electrons because of
the high band gap energy (3.2 eV), which will cause the process become
very costly [3]. In that case, the band gap energy need to be narrowed in
order to enable the process operate under the visible light (400 <A<500)
by modifying the photocatalyst. One of the easiest ways to reduce the
band gap energy is by using dopants with suitable elements. There are
others ways including sputtering, ion implantation, pulser laser
deposition, hydrothermal and solvothermal synthesis but sol-gel method
will be chosen as the method is easy to apply than the others as the
process only need to operate at low temperature normally less than 700°C
and low cost involved [3].

A non-metal dopant, as an example, nitrogen is considered as
the most effective dopant to be incorporated with TiO; as the size is
smaller and the source is cheaper. Besides, many research showed a great
result when nitrogen doped TiO- is used on methylene blue and methyl
orange. Thus, in this study, nitrogen doped TiO, will be applied on
Reactive Black 5 dye and the result will be analyzed [4]. Some
researchers believed that the nitrogen atoms substitute the oxygen atom
in the lattice of TiO, molecule [2]. Magnesium is one of the abundant
alkaline earth metal and less hazardous to be used in the water treatment
process which will cause a more environmental friendly process.
Magnesium is a type of metal dopant and a study of doping with
magnesium ion that have nearly equivalent atomic radius to titanium,
may give a better insight into doping process in detail and the effect of
dopant size on the photocatalytic activity [5]. Besides, by inserting metal
ions into TiO; structure can decrease the band gap and from the research,
it is found that metals are able to lower the electron-hole recombination
rate and trap the electrons [6].
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5.1 METHODOLOGY
5.1.1 Chemicals

In this research, several chemicals were used and bought from Sigma-
Aldrich. Titanium (1V) isopropoxide (TTIP) 97% bought from Sigma-
Aldrich was used as the precursor in the process of photocatalyst
preparation. Magnesium chloride 6 hydrate from Bendosen and
ammonium nitrate 99 % from Emory. Ethanol, 95 %, a laboratory grade
from HmbG chemical was used as solvent. Acetic acid glacial, 100 %,
AR from Emory was used. Reactive Black 5 with dye content > 50 %
was bought from Sigma-Aldrich for the photodegradation application.

5.1.2 Preparation of Photocatalyst

Initially 45 ml of deionized water and 5 ml of acetic acid were mixed
together and labelled as solution A. Solution B was prepared in another
beaker by diluting 15 ml of TTIP with 5 ml of ethanol. Solution B was
added dropwise into solution A for 30 minutes, and then the solution was
stirred vigorously within 3 hours in the room temperature. Different
amount of magnesium chloride and nitrogen nitrate was added into
solution B in order to vary the weight percentage of magnesium and
nitrogen as the dopants. Next, the solution was centrifuged for 15 minutes
at 9000 rpm and the liquid layer was removed and sol gel was obtained.

The sol gel was left in room temperature for 12 hours as pre-
aging process before aging in the oven at temperature of 110°C for 17
hours to remove excess solvents. The powder obtained was grounded
finely using mortar pestle, and calcinated in a box furnace at 300°C,
500°C and 700°C for 1 hour for heating treatment in order to complete
the preparation of photocatalyst. Then all the samples were analyzed
using XRD, FESEM and undergo photocatalytic degradation. Dye
samples were taken at every 15 minutes interval time. All the dye
samples that undergo photodegradation were analyzed by using UV-Vis
spectrophotometer. All the samples are labelled as 0.5 wt. % Mg-TiO,
0.7 wt.% Mg-TiOz, 0.9 wt. % Mg-TiO,, 0.5 wt. % N-TiO, 0.70 wt. %
N-TiO; and 0.9 wt.% N-TiO,.
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5.1.3 Sample Characterization

All the samples were characterized and analyzed in order to identify the
phase structure using X-ray Diffraction (XRD). All the results and data
were recorded and tabulated.

5.2 RESULT AND DISCUSSION

The phase composite and estimation of crystallite size for all samples
were analyzed and evaluated by using X-ray diffraction analysis.

After the XRD analysis done, the results will be analyzed and the
estimated crystallite size of all samples (0.5wt.% N-TiO», 0.7wt.% N-
TiO;, 0.9wt.% N-TiO;, 0.5wt.% Mg-TiO,, 0.7wt.% Mg-TiO. and
0.9wt.% Mg-TiOy) at different calcination temperature of 300°C, 500°C
and 700°C calculated by using the Scherer’s equation as follows:

D = KA/Bcos6 (5.1)

Where, K=0.9 is the Scherer constant, A=0.15406 nmis the X-ray
wavelength, B asthe peak width of half maximum in radian, and 0 is the
Bragg diffraction angle. The rutile and anatase phase content (%) can be
calculated by using the equation;

1

0, 1 —_—
% Rutile phase (A, Yomaera]

(5.2)

% Anatase phase = (5.3)

[(;—2)1.26+1]

91



Materials : Technology and Applications Series 1
ISBN 978-967-2389-09-5

2019

Table 5.1: The particle size of samples at different calcination

temperature
Sample  (wt.% Calcination = Anatas Rutile  Estimated Estimated
sname ) Temperatur e phase phase Anatase Rutile
e (°C) content conten crystallite  crystallite
(%) t (%) ssize (nm)  ssize (nm)
N- 0.5 300 100 - 7.57 -
TiO,
500 100 - 12.80 -
700 75 25 55.56 118.57
Mg- 0.5 300 100 - 7.56 -
Tio; 500 100 - 13.94 -
700 96 4 41.67 89.01
—— (700 °C)
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Figure 5.1: Comparison XRD analysis of sample 0.5wt. % Mg-

TiO,, prepared at (a) 300 °C (b) 500 °C and (c)
700°C.
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Calcination temperature can affect the physical properties of the
gels by polymerization, coarsening and phase transformation [7]. Figure
5.1 showed the XRD analysis of sample 0.5wt. % Mg-TiO, prepared at
varying temperatures from 300°C to 700°C. From the analysis, it can be
seen that at temperature 300 °C and 500 °C, only single anatase phase
occurred and at 700 °C, the peaks of rutile can be observed. A study
conducted by Kumar et al, (2016), found that at lower temperature (300
°C -500 °C) only anatase phase was observed and at 600 °C the rutile
peaks started to appear. Peaks at calcination temperature of 300°C
showed wider than the peaks at temperature of 500°C and 700 °C. The
anatase phase can be observed at peaks of 20 = 24.40°, 38.00°, 48.00°,
54.00°, 62.90°, 69.00°, and 75.14°. As the calcination temperature was
increased up to 500°C, the peaks of anatase phase become defined and
can be observed clearly especially at2© = 54°and 55.12°, also at 20
=68.9°and 70.4°. The peaks of rutile phase can be observed at 20 =
27.45°, 36.09°, 41.23°, 54.32°, 56.64°, 62.74°, 64.04°, 69.01° and
69.79°. From the analysis, it also can be seen that the peaks at 700°C
become narrower compare to peaks at 300°C and 500 °C. This is because
of the improvement of TiO, crystallinity associated with the anatase
crystals growth [9]. According to Mozia, (2008), during the heat
treatment of TiO,, the dehydration takes place and as a result the crystals
grow to a size larger than those of the original particles. Besides, the
increase of the heat treatment temperature up to 700°C led to the phase
transformation from thermodynamically metastable anatase to the most
stable form of TiO,, rutile. The estimated crystallites sizes can be
calculated by using the Scherer’s equation (Eq. 5.1) and the percentage
of anatase and rutile phase can be found by applying Equation 5.2 and
5.3. From table 1, the estimated crystallites size for sample 0.5 wt.% Mg-
TiO, at 300 °C have smallest size compared to 500 °C and 700 °C which
are 7.56 nm, 13. 94 nm, 41.67 nm (anatase) and 89.01 nm (rutile)
respectively. The size of crystallites increases as the calcination increases
which is coincide with statement made by Mozia, (2008) and Aphairaj et
al, (2011). At heat treatment of 700 °C, the samples contain 96 % of
anatase and 4 % of rutile.
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Figure 5.2: Comparison XRD analysis of sample 0.5wt. % N-TiO,
prepared at varying temperatures of (a) 300°C (b)500°C and
(c) 700°C

Based on Figure 5.2, different phase of photocatalyst can be
seen on the XRD data of photocatalyst sample with 0.5wt. % N-TiO;
where each of them were calcined at temperature of 300°C, 500°C and
700°C respectively. From the graph, it can be seen at calcination
temperature of 300°C and 500°C, anatase phase were observed and at
700°C rutile phase can be observed from the graph. At 300°C, the anatase
phase can be seen and at 500°C, defined peaks of anatase can be clearly
observed at 20 = 25.40, 38.00, 48.00, 54.00, 55.20, 62.72, 68.80, 70.26
and 75.14°. As the higher of calcination temperature were applied, the
rutile peaks already formed at 700°C, where the peaks can be observed
at 20 =27.58,36.22,41.38, 54.46, 64.16, and 69.92°. Thus, it can be said
the formation of rutile may start at 600 °C. From the XRD graph, at lower
temperature, broad peaks can be seen at 20 = 48.00, 54.00, 55.20, 62.72,
68.8, 70.26 and 75.14°which indicating small crystallite sizes. As the
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calcination temperature getting higher, the peaks become narrowed and
stronger intensities could be observed, which means that the crystallite
sizes have grown due to the heat treatment applied and the crystallinity
have been improved as the calcination temperature increased. The
estimated crystallite sizes were calculated and tabulated as in table 5.1.
At 300 °C, the estimated crystallite size is 7.57 nm, at 500 °C, 12.8 nm
and at 700 °C, the estimated crystallite sizes are 55.56 nm (anatase) and
118.57 nm (rutile). The anatase-rutile phase content for this sample were
calculated and it was found that 75 % of anatase and 25 % rutile present
in the sample.

5.3 CONCLUSION

XRD analysis has confirmed the photocatalyst that undergo calcination
temperature of 300°C and 500 °C to be anatase structure. Rutile phase
has been observed from the XRD analysis for the photocatalyst that
calcinated at 700°C. The rutile peaks were predicted started to form at
temperature of 600 °C. Photocatalyst that undergo calcination
temperature at 500°C showed anatase structure, but the catalyst particle
produced were found larger in size compared to catalyst prepared at 300
°C,which will resulted in smaller surface area.

REFERENCES

[1] Mondal, K. & Sharma, A. (2005). Photocatalytic Oxidation of
Pollutant Dyes in Wastewater by TiO, and Zno nano-materials- A Mini
Review.

[2] Nolan, N. T., Synnott, D. W., Seery, M. K., Hinder, S. J.,
Wasenhoven, A. V. & Pillai, S. C. (2011). Effect of N-doping on the
photocatalytic activity of sol-gel TiO,. Journal of Hazarous
Materials, 88-94.

[3] Sikirman, A., Krishnan, J. m Jai, J. & Senusi, F. (2014).
Preparation, Characterization and Effectivity of N, Fe-TiO; as a Visible
Light Active Photocatalyst. Advanced Materials

[4] Segne, T. A., Tirukkovalluri, S. V. & Challapalli, S. (2011).
Studies on Characterization and Photocatalytic Activities of Visible

95



Materials : Technology and Applications Series 1
ISBN 978-967-2389-09-5

2019

Light Sensitive TiO, Nano Catalysts Co-doped with Magnesium and
Copper. International Research Journal of Pure & Applied Chemistry
1(3), 84-103.

[5] Avasalara, B. K., Tirukkovallun, R. & Bojja, S. (2016).
Magnesium Doped Titania for Photocatalytic Degradation of Dyes in
Visible Light. Journal of Environmental & Analytical Toxicology.

[6] Behnajady, M. A. & Tohidi, Y. (2013). The effect of operational
parameters in the photocatalytic activity of synthesized Mg/ZnO-Sn0O2
nanoparticles. Desalination and Water Treatment, 1-7.

[7] Hsiang, H. I. & Lin, S. C. (2007). Effects of aging on
nanocrystalline anatase-to- rutile phase transformation kinetics.
Ceramics International 34, 557— 561.

[8] Kumar, M., Gupta, A. K., & Kumar, D. (2016). Annealing
temperature Effects on Structural and Hydrophilic Properties of
Magnesium-Doped TiO, Thin Films. Journal of ceramic science and
technology, 463-468.

[9] Mozia, S. (2008). Effect of calcination temperature on
photocatalytic activity of TiO, Photodecomposition of mono- and
polyazo dyes in water. Polish journal of chemical technology, 42 — 49.

[10] Aphairaj, D., Wirunmongkol, T., Chaloey-arb, P., Pavasupree,
S. & Limsuwan, P. (2011). Effect of calcination temperatures on
structures of TiO, powders prepared by hydrothermal method using Thai
leucoxene mineral. 9th Eco-Energy and Materials Science and
Engineering Symposium, 1-4.

96



Materials : Technology and Applications Series 1
ISBN 978-967-2389-09-5

2019

CHAPTER6

ON THE MECHANICAL BEHAVIOUR OF HYPERELASTIC
FUNCTIONALLY GRADED POLYMER

1 1,2
Ahmad Wisnu Sulaiman , Mohd Ayub Sulong

!Department of Applied Mechanics and Design, Faculty of Mechanical
Engineering, Universiti Teknologi Malaysia, 81310 Johor, Malaysia

2Medical Devices and Technology Centre (MEDITEC), Faculty of
Biosciences and Medical Engineering, Universiti Teknologi Malaysia,
81310 UTM Johor Bahru, Johor, Malaysia

6.0 INTRODUCTION

A linear elastic material is a material that linearly deforms as stress
increases. It will return to its original shape when stress is removed as
long as it does not reach yield point. The application of linear elastic
material is often used to bear a load where it requires to hold it without
permanent deformation.In some application of material the condition
requires a material that can with stand large deformation while still in
elastic mode deformation. The material that can undergo large
deformation under low stress is hyperelastic.

6.1 HYPERELASTIC MATERIAL MODEL

Hyperelastic has different responses on different types of loading. The
response of uniaxial tensile, biaxial, and planar shear are not similar.
Several model has been developed to mimic the actual data. Elastomeric
material models are characterized by different forms of their strain
energy density functions. Such material is also called hyperelastic.
Implicit in the use of these functions (usually denoted by W ) is the as-
sumption that the material is isotropic and elastic[1].
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The principal of Neohookean model is derived from thermodynamic

and statistical mechanics. It is also called first order approximation. The
equation for Neohookean model is shown in equation 2.1.

W = ~G(A12 + 122 + 132 - 3)

= Bulk modulus

w = Strain energy density
G
| = Stretch ratio

The strain energy density function is introduced by Treolar in 1944 to
confirm experiments on rubberlike material. The model is famous until
now because of its similarity with Hooke’s law which stress is
proportional with strain

6.1.1 MOONEY

The basic assumption on Mooney equation is the material is
incompressible where one of the stress invariants is equals to 1 so that
the strain energy function will become the function of two invariants

W = C;(I; — 3) + C,(I, — 3)
I, =112 + 222 + 137
[, = 21222% + 11%223% + 122232
I; = 112122232 = 1

W = Strain energy density
C = Mooney constant
| = Stress Invariants
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There are some other model that was proposed based on Mooney model.
Which are Signiorni and Yeoh[2]. The equation is shown in equation 2.6
and 2.7 respectively.

W = Cyo(l; = 3) + Coy (I = 3) + Cpo (14 — 3)2

W = Cyo(I; = 3) + Czo(1; — 3) + C30(1; — 3)?

The differentiation between Signiorni and Yeoh lies on the stretch
invariants. Signiorni use two stretch invariants (I1and 1), while Yeoh use
one stretch invariant (11). The rest of the equation is similar. However,
these models are not used in this study.

6.1.2 OGDEN

Ogden model is capable to tolerance compressibility in the material.
Ogden model is based on Treolar’s experiment data and formulated
back in 1972[3]. The model is valid for both incompressible and
compressible material. Its equation is based on series. The equation for
the model is shown in equation below.

O o [ ENAY
W= Z— 75" @1 + 2200 + 23%0)] + 4.51((]3 - 1)
n=1 tn
W = Strain energy density
K = Initial bulk modulus
| = Stretch ratio
Un = material constant
an = material constant
] = Volumetric Ratio

99



Materials : Technology and Applications Series 1
ISBN 978-967-2389-09-5

2019

Kut et. al in 2017 develop a simulation test on each available
elastomer model to confirm which model is best to fit the cyclic uniaxial
tension test. The simulation was done using MSc Marc software. The
loading configuration was set using 3 point bending test and uniaxial
tensile test with cylinder model tested. The result shown the Yeoh model
is the best elastomer model in the study with 62 % deformation[4].

Moerman et.al in 2015 tested Ogden model tension compression
asymmetry properties. The tension-compression asymmetry is a
condition where a material response between tension and compression
response are not symmetrical. For human body soft tissue symmetric
tension-compression is recommended. In the case of anisotropic material
controlling the degree of asymmetry is recommended [5].

Kaden in 2007 investigates reinforced hyperelastic materials
with ABAQUS software. The material used is rubber and fiber glass. The
investigation was tested on cylindrical fiber at the center to verify the
effect of configuration and fiber size ratio to the strength of material on
regular arrays and random arrays.
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Figure 6.1 : Shear modulus on regular and random arrays [6]
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Figure 6.1 shows the effect of fiber area ratio with shear
modulus. Squared line represents random arrays, while the other one is
random arrays. The increase of fiber ratio will improve the shear modulus
regardless configuration of arrays. The random arrays shows linear
relation between fiber ratio and shear modulus, as fiber ratio increases
the shear modulus increased. The regular array is more superior then
random arrays in terms of shear modulus improvement. The relation
between fiber ratio and shear modulus in regular arrays is exponential.

Kuksenko et.al in 2018 investigates the large deformation
response of composites reinforced by continuous wavy fibers using
three-dimensional FEA. The focus is placed on in-phase fibers with
circular cross-sections following sinusoidal paths. The result show the
fibers’ relative radius has no effect on the overall mechanical response of
the considered composite. At higher values of the contrast, a minor
difference between the responses of composites reinforced by fibers of
different relative radii is observed under longitudinal elongation and
shear in the x1-x2 plane[7]

Mihai et.al in 2015 developed FEA model to investigate soft
tissue of human brain. In the study it found that the fung and gent model
that are commonly used to model soft tissue is insufficient same
condition found in the Neohookean and Mooney model. The study found
Ogden elastomer model is the sufficient one for soft tissue[8].

Brevlasky et.al in 2016 investigates static and dynamic behavior
of hyperelastic material with tube cylindrical geometry. The cylinder is
described by hyperelastic material with classic Neohookean and Mooney
model applied. The analysis is targeting the response of model to mimic
blood vessel. The pressure load applied are the dead load with radial
distributed load and actual pressure as a follower load that depends on
the area and always normal to the deformed surface. The static responses
of the shell under these two loads differ essentially at moderate strains,
while the behavior is similar for small loads. The principal difference is
that the axial displacements are much larger for the shell under
distributed radial forces, while for actual pressure the shell is stretched
both in circum- ferential and axial directions [9].
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Kokinis et.al in 2017 investigates the effect of gradient in FGM.
The simulation was done in COMSOL FEA software and confirmed by
experimental mechanical test. There are three different configurations
tested in the study, which are ascending gradient (high tensile strength
from middle and getting lower tensile strength towards edges),
descending, and softlayer. The coupon is tested with uniaxial stretch in x
axis direction. The strain energy contour from FEA simulation result for
each configuration are shown in Figure 6.2.

No gradient Ascending gradient

E 2

Descending gradient Soft layer (MJ/m?°)
4

[\ 2o 8

A Figure 6.2: Strain Energy Density [10]

Figure 6.2 shows SED contour for all configuration. The
contour with soft layer has concentration at the top of the material join
without strain energy concentration along the direction of stretch.
Descending gradient has two area of concentration which are along the
stretch direction and also at the top. Both ascending and no gradient have
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concentration area only along the stretch direction.
6.2 METHODOLOGY

The base geometry used are rectangular solid with 20 mm width, 70
mm height, and 5mm thickness for all models.
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Figure 6.2: Geometry Used (a. horizontal and vertical, b. cylindrical)

Figure 6.3 shows geometries used in simulation which are
cylindrical center, horizontal rectangular, and vertical. The models are
modeled in FEMAP. The solid needs to be subdivided into several solid
to improve the meshing quality by reducing the mesh distortion and
aspect ratio, especially for the cylindrical center geometry since the
junction of cylinder at the center with rectangular at the outer bond will
make hexagonal element will become distorted. This step is expected to
improve calculation time and accuracy.
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Figure 6.3: Solid Subdivision

Figure 6.4 shows the solid subdivision in FEMAP for a coupon
that has a cylindrical geometry introduced at the center of the solid.
Subdivision of the solid is indicated by dotted lines. The geometry then
mesh using hexmesh option in FEMAP and after it finish the model is
exported into MSc Marc. The material data used is shown in Table 6.1.

Table 6.1: Uniaxial Tensile Data

Material Tensile Stregth (MPa) Fracture Strain
Lowest TS | 0.969246746 4.964425155
Medium TS | 1.091886708 4.219960316
Highest TS | 1.681066783 9.689547491
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Table 6.1 shows the data of material used in this study. The
fracture strain for each individual data shows different value, highest TS
material data are having the longest final elongation at fracture with 9.69
strain and TS of 1.67 MPa. Medium TS and Lowest TS are having 4.22
and 4.96 fracture strain, with 1.09, and 0.97 MPa TS respectively.

The experimental data needs to be fitted with elastomer model.
The fitting isdone in Msc Marc software. The method used is to fit the
experimental data using the available model in elastomer of Msc Marc
The lowest number of order from the model with the best fit is selected
and applied to the specific material. The elastomer model used for each
material is shown in figure 6.5.
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Figure 6.5: Materials Stress Strain Used (a. Lowest TS, b. Medium TS,
c. Highest TS)

Figure 6.5 shows the experimental and calculated stress strain
curve of lowest TS, medium TS, and highest TS. The lowest TS material
with 9.962 MPa and 4.96 strain is modeled with Mooney 2 terms with
positive coefficient, the medium TS with 1.092 MPa and 4.22 strain is
also modeled with Mooney 2 terms, while the highest TS with 1.698 MPa
and strain 9.69 is modeled with Ogden 2 terms. The calculated coefficient
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and bulk modulus for Mooney model is shown in Table 6.2.

Table 6.2: Lowest TS and Medium TS Mooney Coefficient and Bulk

Modulus
Bulk
Material Model C1 C2
Modulus
Lowest TS 0.779 0 2521.11
Mooney
Medium TS 0.103 0 974.296

Table 6.2 shows the coefficient and bulk modulus used for
lowest TS and medium TS material. Lowest TS Mooney coefficient is
0.779 with bulk modulus of 2521.11. While medium TS Mooney
coefficient is 0.103 with bulk modulus of 974.296. For both material
positive coefficient is applied. Thus, the coefficient 2 is 0. Ogden
coefficient and modulus of highest TS material is shown in Table 6.3.
The solver used for simulation is paradiso direct sparse.

Table 6.3: Highest TS Ogden Coefficient and Bulk Modulus

No. of Bulk
Highest TS Moduli Exp
Terms Modulus
1 0.0102 2.634
Ogden 2361.76
2 0.782 1171
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6.3 RESULT AND DISCUSSION

Before the simulation started, the mesh quality should be confirmed
using convergence study. The convergence study is carried out using
simple block geometry. The purpose is to ensure the mesh quality is
sufficient to be used in simulation. The size of mesh element simulated
is start with 0.7 mm, 0.5 mm, and the last is 0.4 mm. The result to be
analyzed is stress strain curve of each element size result.

The result of stress strain curves for each element size is then
compared with experimental data. The convergence study graph is shown
in Figure 6.6.
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Figure 4.6: Convergence Study

Figure 6.6 shows stress strain curves of all element and
experimental data. Blue line represents 0.5 mm element size, red line
represents experimental data, grey line represents 0.7 mm element size,
and orange line represents 0.4 element size.All of the simulated data
shows a good agreement with experimental data. There is only small
difference between the simulated and experimental data, stated from 0.4
strain. However, the gap is small and it still follows the experimental data
curvature. There is no significant difference between 0.4 mm, 0.5 mm,
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and 0.7 mm element size curves, by considering the time effectiveness
for simulation the option is now between 0.5mm and 0.7 mm because the
simulation time for 0.4 mm will take almost two days to finish. The
simulation displacement is two times its original shape. The final mesh
deformation is expected to be highly deformed, by considering this factor
to safely and efficiently run the simulation 0.5 mm element size is
chosen.

6.3.1 FORCE-DISPLACEMENT CURVE

The Force displacement curve from each configuration is shown in
Figure 6.7.
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Figure 6.7: Force Displacement Curve

Figure 6.7 shows force displacement of all configuration. Blue
dots represent horizontal, x marks represent cylindrical, and grey dots
represent vertical configuration data. The data from all configuration
shows different behavior. It has its own modulus in all displacement
value. Horizontal configuration has the lowest force at final
displacement. It has 48.5 N at its final displacement which is 140 mm.
The cylindrical configuration has the medium force at final displacement
compare to all configuration. It has 36.4 N at the final displacement. The
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vertical configuration has the highest force at the final displacement. It
has 60.2 N at the final displacement.

The behavior of all configuration is nonlinear. The horizontal
configuration starts to have lower force displacement ratio at early stage.
It began to lose the ratio at 11.5 mm displacement. After that point the
ratio is nearly unchanged. The cylindrical configuration has different
behavior at 20.4 mm displacement. However, there is no significant
changes. The vertical configuration has smooth curve almost without
transition. It could indicate that the force is spread along the similar area
for whole time of the test.

6.3.2 STRESS-STRAIN CURVE

Stress strain curve of the simulation is calculated based on the force
displacement. The stress strain curve is shown in Figure 6.8.
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Figure 6.8: Force Displacement Curve
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Figure 6.8 shows force displacement of all configuration. Blue
dots represent horizontal, x marks represent cylindrical, and grey dots
represent vertical configuration data. The data from all configuration
shows different behavior. It has its own modulus in all displacement
value. Horizontal configuration has the lowest force at final
displacement. It has 48.5 N at its final displacement which is 140 mm.
The cylindrical configuration has the medium force at final displacement
compare to all configuration. It has 36.4 N at the final displacement. The
vertical configuration has the highest force at the final displacement. It
has 60.2 N at the final displacement.

The behavior of all configuration is nonlinear. The horizontal
configuration starts to have lower force displacement ratio at early stage.
It began to lose the ratio at 11.5 mm displacement. After that point the
ratio is nearly unchanged. The cylindrical configuration has different
behavior at 20.4 mm displacement. However, there is no significant
changes.
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Figure 6.9: Simulation Stress Strain Curve

Figure 6.9 shows simulation stress strain data. The squared orange line
represents horizontal configuration data, the crossed blue line represents
cylindrical configuration data, and the green dotted line represents
vertical configuration data. The strongest configuration is vertical
configuration followed by cylindrical configuration and horizontal
configuration. The comparison between simulation and experimental
stress strain behavior is shown in Figure 6.10.
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Figure 6.10: Stress-Strain Curve Experimental and Simulation
Comparison

As shown in Figure 6.10 the stress strain responses of all the
configuration does not reach the strength of the highest TS material. All
of the simulated stress is in between the lowest TS and medium TS
material. However, the behavior from each configuration does not match
with neither lowest TS nor Medium TS. The slope of all configuration
are a mixture of all the three materials.

The stress comparison between experimental and simulation data are
shown in Figure 6.11
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Figure 5: Stress at Strain 2 Simulation and Experimental

Figure 6.11 shows a bar chart of stress at strain equals 2 for
simulation and experimental. The stresses shown are the comparison for
simulation and experiment when the specimen has elongate 2 times its
original shape. All simulation data does not reach the medium TS stress
level which is at 0.64 MPa. The lowest stress happen with horizontal
configuration with 0.48 MPa, and the medium one is cylindrical
configuration with 0.56 MPa, and the highest stress is vertical
configuration. although the horizontal configuration stress is lower than
the lowest TS the slope of horizontal configuration is higher when the
specimen elongation is in between 0 until 1.5.
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6.3.3 STRAIN ENERGY DENSITY

The strain energy density for all configuration are shown in Figure 6.12
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Figure 6.12 : Strain Energy Density Contour (A. horizontal, B.
cylindrical, C. vertical)
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Figure 6.12 shows SED contour for all
configuration. The results shown are SED contour at final increment of
test. The figure is focus on the SED critical area only. The SED from
each configuration has unique behavior. Figure 4.12 A shows horizontal
configuration SED. It shows that the critical area is located near the edges
of coupon, it is indicated by bright yellow color. Figure 4.12 B shows
cylindrical configuration SED. It shows that the overall SED is lower
than the horizontal configuration level, the SED is concentrated at the
junction of each material junction either along the stretch direction or
lateral from the stretch direction. Figure 4.12 C shows a SED of vertical
configuration. It shows that SED

is spread along the highest TS material at
the center, with small concentration at the edge of coupon compare to
horizontal configuration.

The behavior on horizontal configuration
is the most critical condition compare to the other case since the
concentration is only concentrated at the 4 edges of coupon. This
concentration might happen because as the increase of strain the necking
starts occur on all edges all the work energy will be concentrated at the
radius of the necking.

Cylindrical configuration behavior is
similar with the previous researcher result in which the SED
concentration is exist along the material junction. Overall the mesh
distortion level on the junction is tolerable since the highest distortion
does not occur badly and it is not on the most critical zone. The highest
SED concentration is located at the junction of different material along
the stretch direction. Vertical configuration behavior is the best in terms
of SED concentration locality since the area is spread out along the
highest TS.
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6.4 CONCLUSIONS

The conclusions for this study are:

1. The model successfully replicate experimental data, with stress
strain curves from the simulation showed the strongest case is
vertical arrangement with TS at strain equals to 2 % 0.6MPa,
follows by cylindrical and horizontal of 0.56MPa and 0.48 Mpa.

2. The strain energy density from each case has some specific area
with the bigger scalar. For horizontal case is the area near the
top and bottom edge, while for cylinder case is in between the
material contact at the top and bottom, for vertical case is
distributed along the highest material TS.
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Abstract

Musculosketel tissue healing process limitation is unable to restore
significant tissue loss due to congenital defects, tumor denervation or
trauma. Tissue engineering is a novel approach that attempts to overcome
these problems by investigating potential alternative treatment using
temporary matrix scaffold formed by biocompatible materials. Collagen
is natural based biomaterials which mostly derived from animal have
been studies for a long time in tissue engineering domains especially in
musculosketel tissue replacement applications such as bone and
cartilage. The wide ranges of collagen sources with unique properties
such as porous structure, good permeability, low immunogenicity and
biocompatible make collagen are versatile scaffold materials in tissue
engineered research. Here, we discuss comprehensively different sources
of collagen with main properties; modifications had been done in
biomedical engineering and highlight the application of collagen and its
contribution in musculosketel tissue engineering fields.
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7.1 INTRODUCTION

Human organs possess the ability to maintain their homeostasis, circulate
blood and adjust accordingly as a response to several changes from their
surrounding environment. However, loss of functionality, either due to
aging or to disease/injury, is in fact inevitable [1]. The musculoskeletal
system, which provides mechanical support and permits movement, is
composed of skeletal muscle, tendons, bones, joints and ligaments.
Skeletal muscles act as contractile levers, and are connected to bone by
tendons [2-3]. Bones act as rigid levers, articulating with other bones
through joints, which are kept in relationship by ligaments. A special
characteristic of muscle, tendons and joints is the possession of a rich
sensory nerve supply, which detects the position of the body and the
velocity of movement. The integration of this sensory information by the
central nervous system is vital for the musculoskeletal system to function
normally [4]. Bone come second most transplanted tissue globally after
blood with over two million bone grafting surgeries per annum [5]. Bone
regeneration is the complex phenomenon in which active signaling from
different biomolecules is required at various stages of bone development.
Small size bone fracture whether it might be pathological or accidental
can be repaired by bone’s own regeneration capability [6]. Nevertheless,
damaged tissues and even whole organs have the opportunity of
regeneration, assisted by traditional medical treatment, transplantation
and finally, alternative novel strategies that have emerged from the
promising field of regenerative sciences [7-8]. Tissue engineering is a
broad area that produces tools of solution for the problems in medical
areas such as scaffold fabrication.

Tissue engineering defined as the combination of biological,
chemical, and engineering principles for developing biological
substitutes that repair, replace, maintain, or improve tissue function or a
whole organ using cells, biomaterials, and growth factors alone or in
combination [9]. Therefore, tissue engineering seems to be as a key
technology to close gaps in the management of major tissue defects in
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reconstructive surgery and could obviate many of the risks and problems
associated with donor organs, and at lower cost [10]. In recent years, the
importance of convergent research integrating tissue engineering,
advanced materials, and stem cells with the seemingly disparate
disciplines of physical sciences and developmental biology has been
recognized, and a new research direction has been proposed and termed
as “regenerative engineering” [11].

Substances frequently used for scaffolds include natural
polymeric materials, synthetic polymers or ceramics, biodegradable
polymers, or polymers with adsorbed proteins or immobilized functional
groups. Naturally occurring matrices or their components have
advantages because of their outstanding biocompatibility properties [12-
13]. Popular ECM molecules of connective tissues are collagen,
hyaluronan, and glycosaminoglycans. Collagens have been used in
native form or as denatured gelatin which found most abundant protein
in the animal. In plant and unicellular organisms, the collagen is not
existed because their polysaccharides and cellulose takes its role [14].
The collagen consists 25-30% of protein in mammals where found in the
corneas, bones, blood vessels, cartilage, teeth and many more [15]. The
elongated fibrils are found in the area of fibrous tissues such as tendons,
ligaments and skin. The muscle tissue form of 1-2% where the most is
endomysium component. Therefore, the fibroblast of connective tissues
and other epithelial cells are the most constitutes the collagen [16-17].

This review will discuss a summary approach of collagen
applications for engineering cartilage and bone. The basic structure,
properties and modification techniques were discussed comprehensively
to give overview on collagen before it can be claimed as superior
biomaterial in musculosketel tissue engineering applications. Thus, it use
in tissue engineering could be significant in enhancing and mimicking
the natural musculosketel environment.
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7.2 BASIC STRUCTURE OF COLLAGEN

The structure of collagen is classified into three polypeptide chain where
it is sort of triple helix with the two identical chains (al) and the third is
different in their extent of chemical composition (a2) (as illustrate in
Figure 1). Therefore, it can be categorized as hetero-polymer which each
chains contains 1050 amino acids while another in typical-handed helical
structure has 300nm long and its diameter around 1.5nm with molecular
weight is about 2900000 [18-19]. The structure of collagen has repeating
of Gly-X-Y, where X and Y refer to any amino acid but mostly of it is
hyroxyproline and proline. The glycine is located in each of third amino
acid which allowed the firm packaging 3o chains in tropocollagen
molecule [20]. The packing of collagen is come in hexagonal and a quasi
hexagonal shape which is forms a type of fibrillar collagen where the
packing structure is likely microfibrillar and sheet-like. Hence, the
collagen can be representing as elongated fibrils [21].
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Figure 7.1: Basic structure of collagen fibers.
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Previous studies showed that the collagen has led to discover
approximately 33 different types of collagenous polypeptides which
occupy with at least 33 different gene sequences. There are 19 different
collagen types of polypeptides from types I to types XIX that occurred in
extracellular matrix [22]. The basic collagen types are consisting of types
I, I, 11, V and XI where called as fibril-forming. Among the collagen
types, it can be known based on their ability of assemble into highly
orientated supramolecular aggregates that has characteristic of supra-
structure and typical quarter-staggered fibril array between diameter 25
to 400 nm. The fibrils have characteristic banding pattern with
periodicity about 70nm by using electron microscope. It can be
determined from staggered arrangement individual collagen [23].

Type | collagen is by far the most important. More than 90% of
collagen forming in bone, tendons, skin, ligaments, cornea and interstitial
connective tissue except a few tissues such as vitreous body, brain and
hyaline cartilage. Type | can be incorporated into composite whether
with type 111 collagen (in reticular fibres and skin) or type V collagen (in
bone, cornea, tendon) which it called as triple helical fibres, in vivo [24-
26]. It has been found that type I collagen shows tensile stiffness in
tendons and fascia, while in bone, tensile strength, torsional stiffness and
load bearing was provided after calcification [26-27].

The fibril-forming type Il collagen is the characteristic and
predominant component of hyaline cartilage. It is, however, not
specifically restricted to cartilage where it accounts for about 80% of the
total collagen content since it is also found in the vitreous body, the
corneal epithelium, the notochord, the nucleus pulposus of intervertebral
discs, and embryonic epithelial mesenchymal transitions [28]. Compared
to type | collagen, type Il collagen chains show a higher content of
hydroxyl-lysine as well as glucosyl and galactosyl residues which
mediate the interaction with proteoglycans, another typical component of
the highly hydrated matrix of hyaline cartilage [29]. Type Il collagen is
a homotrimer of three a1 (III) chains and is widely distributed in collagen
I containing tissues with the exception of bone. It is an important
component of reticular fibres in the interstitial tissue of the lungs, liver,
dermis, spleen, and vessels. This homotrimeric molecule also often con-
tributes to mixed fibrils with type | collagen and is also abundant in
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elastic tissues [27,30].

Types V and XI collagens are formed as heterotrimers of three
different a-chains (al, a2, a3). It is remarkable that the a3-chain of type
XI collagen is encoded by the same gene as the al-chain of type Il
collagen and only the extent of glycosylation and hydroxylation differs
from al(Il) [31]. Although it is finally not sorted out, a combination
between different types V and Xl chains appears to exist in various
tissues. Thus, types V and XI collagens form a subfamily within fibril-
forming collagens, though they share similar biochemical properties and
functions with other members of this family. As mentioned before, type
V collagen typically forms heterofibrils with types | and 111 collagens and
contributes to the organic bone matrix, corneal stroma and the interstitial
matrix of muscles, liver, lungs, and placenta [32]. Type Xl collagen
distributes largely in articular cartilage with type Il collagen. The large
amino-terminal non-collagenous domains of types V and XI collagens
are processed only partially after secretion and their incorporation into
the heterofibrils is thought to control their assembly, growth, and
diameter [33].

Literally, more research about collagen, more discoveries of
new types of collagen has been found until type XXVIII in zebrafish
nervous system, liver, thymus muscle, intestine and skin [28]. Thus from
that, the group or classes of types collagen has been made due to smaller
the scope. Current classifications are based largely on primary
structure, and collagenous molecules can be grouped into three
categories on the basis of the respective sizes of their collagenous triple
helices (Kielty, 2002). Collagens in Group 1 consists of types I, 11, 11,
V, and Xl. Group 2 comprises collagen types IV and VII, whose
component polypeptides are distinguished by their primary structures
characterized by imperfections in the Gly— X Y triplet sequence. Group
3 comprises short-chain collagens. This grouping has been subdivided
into Group 3A, 3B and 3C which is from types VI to XIX.
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7.3 PROPERTIES OF COLLAGEN

Collagen has supports most of the tissues in the form of extracellular
matrix and gives structure to the cells. It has great tensile strength
exhibited by its presence in tendons, bones, cartilage, fascia, etc. It
provides elasticity and strength to the skin and helps in tissue and organ
development. Collagen provides protection to skin by inhibiting the
absorption of toxins and pathogens [34]. It has role in biological
functions of a cell (cell survival, proliferation and differentiation), helps
in healing of damaged bones or blood vessels and maintains structural
integrity [35].

Collagen (Figure 7.2) products are used in drugs and medicine
for several functions, including wound dressings and as matrices for
tissue growth. As the chief structural protein of the body, the properties
of collagen that make it appropriate for use in medicine area unit
dependent upon characteristics of amino acid composition and sequence.
There are several physical, chemical, and biological properties of
collagen that favor the use of collagen as a biomaterial of the nineties;
they are high tensile strength, orientation of fibers, semipermeability of
membranes, low-antigenicity, its positive effect on wound healing rates
and hemostatic properties [36]. Hydrolyzed collagen is outlined as a
collagen product peptide derived by reaction having a molecular weight
of 1,000 to 10,000. Hydrolyzed collagen is offered as a viscous, amber
aqueous resolution or most typically, as off-white to white hygroscopic
powder. It will absorb up to thirty times its own weight in water. Any one
of three methods commercially prepares it: base-forming reaction,
enzymatic reaction or acid hydrolysis; and it is commercially derived
from either bovine or porcine sources.
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LIMITATIONS

¥ Biocompatible
¥ Osteocompatible
% Adhesive, fibrous,
cohesive and nonfriable
s Suturable
s High porosity for
neohistogenesis
% Medium can be perfused
¥ Fluid pressure can be
transduced
¥ Can be combined with
other materials

¥ No inherent rigidity
@Potential for antigenicity
through telopeptides

Figure 7.2: Properties of Collagen as Scaffold

Collagen has several distinctive biological characteristics for
that no artificial substitute exists. Type | collagen is used in several
applications due to its borderline antigenicity, its styptic capability, its
chemotactic properties, and it is without delay offered from several
natural sources. Collagen, the principal structural protein, is the main
component of animal tissue, while sort I collagen is the dominant
constituent occupying over 90% of the tissue [37-38]. The use of Type |
collagen as a wound dressing dates back nearly 85 years (REF). Collagen
has been ready in varied forms such as films, powders, sponges and gels.
The commercialization method of collagen to date has been terribly slow
primarily because of the high value of preparation, difficulties of
handling and storage, and its cost-effectiveness during application [39-
41]. In a number of reports collagen has been shown to be useful by
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dominant the evaporation of fluid, keeping the wound pliable and
flexible, promoting the development of connective tissue, diminishing
pain, providing mechanical protection against physical and bacterial
insult [42].

The use of collagen within the management of tissue
regeneration is a survival as an aid to increased healing. The animal tissue
is created from soft animal tissue (the gingival corium) and the
connective tissues of the periodontal ligament and the superjacent
epithelial tissue [43]. The gingival extends from its limiting margin in
the cervical region of a tooth to the alveolar mucosa covering the bony
alveolar processes of the jaws. The gingival dermis attaches to each the
alveolar bone and the cervical bone and the cervical region of the tooth
protects and maintains the integrity of the periodontal ligament [44-45].
Organic chemistry studies show that the main components of animal
tissue connective tissue area unit sort | and sort 11l collagen, Type |
collagen being the principal constituent. The main fibrillar part of the
gum is sort I collagen; a heavier concentration of Type | collagen is
conjointly found within the deeper layers of the animal tissue dermis.
Inflammation of the gingiva or periodontal disease is one of the foremost
common dental diseases for humans. If not controlled or treated, it will
result in disease with a slow progressive destruction of the ligament and
alveolar bone [43,46]. A mucosa membrane whose structure resembles
that of the skin lines the mouth or oral mucosa. It is composed of two
layers, the overlying epithelial tissue and an underlying connective
tissue. The structure of this membrane varies with the functional
necessities of the very different regions of the oral cavity; for example,
areas involved in the change of state of food like the gingivae and tongue
have a way very different structure than that of the floor of the mouth
[47]. The oral mucous membrane is created from primarily sort |
collagen, representing approximately 80-90% of the total collagen
content [48].
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7.4 SOURCES OF COLLAGEN
7.4.1 Bovine

It makes use of the skin and bone of cow. It is one of the
major industrial sources of collagen. Due to the outbreak of diseases
such as BSE, TSE, FMD especially mad cow disease, which pose a
threat to the humans, researchers are in search for an alternative safer
source of collagen. One of the major disadvantages of bovine
collagen is that nearly 3% of the population is allergic to it causing
a hindrance in its usage. Bovine Achilles tendon is used industrially
to obtain type I collagen. Type IV is obtained from the placental villi
and type Il from nasal or articular cartilage [49]. Bovine is made use
of in different development stages such as fet al bovine dermis used
for tendon reinforcement, skin and wound healing (in the form of
collagen matrix); neonatal bovine dermis is used for hernia repair,
plastic and reconstructive surgery; adult bovine pericardium for
hernia repair and muscle flap reinforcement [50].

7.4.2 Porcine

The skin and bones of pigs are utilized. This source is
widely used for obtaining collagen for industrial purpose. Since
porcine collagen is almost similar to human collagen it does not
cause much allergic response when used but just like the bovine
source the setback of zoonosis poses a risk of contamination and pigs
are forbidden due to religious constrains. Adult porcine dermis and
small intestinal mucosa is used for tendon reinforcement, hernia
repair, skin and wound healing, plastic and reconstructive surgery
[51].

7.4.3 Marine

Marine source is found to be the safest source for obtaining
collagen presently. Another reason for approving this source is due
to the belief that “life originated from marine”. Collagen extraction
from animal source is complex, time consuming and expensive. The
yield obtained is also lower when compared to other sources
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(approximately 12 g of collagen per 1 kg of the raw material used).
Due to the concern over adverse inflammatory and immunologic
response and prevalence of various diseases among land animals
which causes health complications, marine sources have started to
be researched [52-53]. Marine source has got ample advantages over
the land animal sources such as free of zoonosis such as BSE, TSE
and FMD, High content of collagen, Environment friendly has lower
body temperature than animals thereby aid in greater absorption,
Greater absorption due to low molecular weight, Less significant
religious and ethical constrains, Minor regulatory and quality control
problems, Presence of biological contaminants and toxins almost
negligible, Low inflammatory response, Less immunogenic and
Metabolically compatible. This source includes the use of marine
invertebrates and vertebrates such as fishes, star fish, jellyfish,
sponges, sea urchin, octopus, squid, cuttlefish, sea anemone and
prawn [54-56].

7.4.4 Fishes

The bones, skin, fins, scales of fresh or salt water fishes are
mainly used for this purpose. This in turn helps to reduce
environmental pollution as these are the considered a waste during
fish processing. Study of collagen from marine origin comprises of
marine vertebrates and invertebrates. Vertebrates include mainly the
fishes [57]. Collagen mainly type | was obtained from the skin of
Gadusmorhua. Silver carp Hypophthalmichthysmolitrix.
Japanesesea-bass, chub mackerel bullheadshark and sole fish. Then,
the bone (sole fish) of collagen | is acquired from Thunnusobesus,
skipjack tuna, Japanesesea-bass, yu, yellow sea bream, fin of horse
mackerel, scales of Japanese sea-bass, Pagrus major,
Oreochromisniloticas, Carp [58].

7.4.5 Other Animal Sources

It includes chicken, kangaroo tail, rat tail tendon, duck feet,
equine tendon (horse), alligators bone and skin, bird feet, sheep skin
(ovine source), frog skin and sometimes even from humans [59].
Recombinant human collagen is used which lower immunogenicity
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has compared to other sources. Adult equine pericardium is used for
tendon reinforcement, skin and wound healing and hernia repair.
Type I and Il collagen is isolated from equine skin, articular cartilage
and flexor tendon [51]. Collagen type I, Il, 111 and V were obtained
from chicken neck among which type | was predominant.
Chicken feet are an abundant source of collagen. Type IX is also
found in the chicken embryo sternal cartilage and type I and I11 from
its skin, type 1V from its muscular tissues [60-61]. Type | collagen
was also obtained from the fallopian tube of bull frog. From
invertebrate tissue of Archaeogastropod, Neritacrepidularia,
gastropod collagen was characterized [62].

7.5 MODIFICATION OF COLLAGEN FOR BIOMEDICAL
APPLICATION

7.5.1 Physical Modification

Physical modification is widely considered simple, cheap
and safe since it requires no chemical reagents [63-64]. During
physical modification process, dehydrathermal treatment, ultraviolet
irradiation and gamma-ray radiation are extensively investigated
[65]. Note that, recently, new physical modification method plasma
has attracted scientists' attention in impacting collagen with novel
physicochemical properties. However, physical modification has a
drawback of lower crosslinking efficacy than chemical modification.

7.5.1.1 Dehydrathermal (DHT) Treatment

Crosslinking collagen with the method of dehydrathermal
(DHT) treatment is a common approach of physical modification.
During DHT treatment, amide bonds form between the free carboxyl
and amine group within collagen triple helixes, thus enhancing the
physicochemical properties of collagen and collagenous scaffolds to
some extent, for instance, the tensile strength, elongation at break,
elasticity modulus, resistance to enzymatic degradation and thermal
stability are increased compared to non crosslinked collagen and
collagenous materials [66-67]. Usually, during DHT treatment,
collagen or collagenous materials are firstly placed in a vacuum
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furnace with 0.05mbar vacuum degree at about 40°C for 2-4h to
remove free-water from collagen or collagenous materials which
protects them from thermal denaturation. Subsequently, DHT
treatment was performed on collagen specimens with different
temperatures (100°C, 150°C or 200°C) for 24-48h approximately.
After that, the temperature of vacuum furnace should be cooled
down to room temperature to obtain cross-linked collagen specimens
[66,68]. Note that, crosslinking and denaturation of collagen occurs
simultaneously during the DHT treatment. Cross linking treatment
plays a vital role in DHT treatment when the temperature is low,
whereas denaturation is usually maximum when the temperature is
higher than 150°C [69]. Haugh et al. reported that crosslink density
was found to increase with DHT temperature, but not exposure
period, and denaturation degree increased sharply when DHT
temperature was higher than 150°C. Thus, DHT treatment at 110°C
for 24h may be optimum for collagen crosslinking [70].

7.5.1.2 Ultraviolet (UV) Irradiation Modification

Exposure of collagen to non-ionizing irradiation by
ultraviolet(UV) light can enhance collagen properties. The double
bonds and aromatic rings within collagen molecule can absorb UV
irradiation to induce free radical formation in amino acids (tyrosine
or phenylalanine), which can further cause the formation of inter-
molecular covalent bonds [71-72]. Usually, UV at 184.9 and
253.7nm wavelengths are used to excite molecular oxygen to form
ozone and to photosensitize polymer surface, then oxygen-
containing functional groups (carboxyl and hydroxyl groups) could
be incorporated into collagen or collagenous materials [73]. Liu et
al. applied the UV irradiation technique on a three dimensional
collagen scaffold for surface modification. The surface modification
of crosslinking-treated collagen scaffolds by exposure to UV led to
a further increase in surface oxygen concentration and promoted the
surface wettability of the collagen scaffolds [74]. Crosslinking with
UV light for more than 30min and less than 180 min seems to be
more beneficial to cell proliferation than chemical crosslinking by
using glutaraldehyde. A combination technique of DHT treatment
and 45 min of UV exposure produced the optimal collagen matrix in
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terms of contraction rate, mechanical property and cell growth [75].
UV modification can also be used in the field of corneal collagen
crosslinking. Usually, a combined technique of photo-chemical
reaction between ultraviolet light-A and riboflavin is used for
corneal collagen crosslinking [76].

7.5.1.3 Gamma-ray Radiation Modification

Gamma-ray radiation is commonly used to cross-link
collagen and collagenous material just as in polymerization of other
synthetic polymers, for instance, polyvinyl alcohol (PVA), and
polyvinyl pyrrolidone (PVP) [77]. Exposure to ray irradiation is a
frequent, clean, and superior method used to prevent bacterial
contamination of sterilized induced by gamma ray irradiation of
collagen is of concern due to the decay of bioactivity, which
correlates with considerable structural alterations [78].Note that,
both crosslinking and scission occur when collagen and collagenous
materials are exposed to gamma radiation. Generally, crosslinking
plays a primary role when the sample is in a wet condition, in
contrast, scission i.e. disruption or denaturation is the predominant
behaviour in a dry protein sample [79]. Tyan et al. suggest that
gamma radiation exposure of about 10 KGy is the critical dose to
moderate the bioactivities of collagen and causes amide degradation
to collagen [80]. In the case of gamma-crosslinking, a hydroxyl
radical(*OH) is firstly formed by splitting a water molecule under
gamma irradiation, and subsequently can attack the polymer
molecule as a primary intermediate molecular species to form a
polymer radical. Then, the polymer radical can form intermolecular
crosslinking or degradation by inter- or intramolecular reaction,
respectively [36].

7.5.2  Chemical Modification

Chemical modification involves the introduction of
functional groups into collagen molecules, resulting in markedly
altered physicochemical properties than physical modification. Such
modification of native collagen molecules profoundly changes the
thermal stability, gelatinization, degradation and conformation
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characteristics. Usually, chemical modification is intended to
facilitate intra- and inter- molecular bonds within collagen structure
for stabilization [81]. Usually, during the chemical modification,
some chemical reagents are strongly recommended, for instance,
glutaraldehyde, carbodiimide, genipin, plant tannins, polyepoxy
compound, acyl azide, and dialdehyde compound derived from
natural biomass [82]. Although collagen or collagenous materials
are always endowed with higher stability by chemical modification,
the biocompatibility of modified collagen should not be ignored
when chemical modification is applied.

7.5.2.1 Glutaraldehyde Modification

Traditionally, aldehyde, especially glutaraldehyde, has
been firstly applied in the leather industry to improve the stability of
hide or skin. After that, glutaraldehyde is being used to modify
collagen to protect it from being degraded by collagenases [83].
Fathima et al. researched the stabilization of collagen by aldehydes
by choosing four aldehydes, both mono- and dialdehydes,
formaldehyde, crotonaldehyde, glyoxal and glutaraldehyde.
Compared with native collagen, glutaraldehyde did promote the
shrinkage temperature from 62+1°C to 82+1°C, much more than that
of crotonaldehyde (77+1°C) [72]. Other researchers claim that
Schiff bases are not so stable and they can react with a
glutaraldehyde-related enol, which results in the formation of a
secondary amine, thereby forming a six membered dihydropyridine.
Usually, glutaraldehyde vapour is more effective to cross-link
collagen and collagenous scaffolds in the field of tissue engineering
as compared to glutaraldehyde solution. Although after cross-linked
by glutaraldehyde, the collagenous scaffolds reveal a significant
resistance to enzymatic degradation and their solubility and
antigenicity are effectively reduced, and adverse biological reactions
to glutaraldehyde have been limited to infrequent contact dermatitis
[84].
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7.6 APPLICATIONS OF COLLAGEN SCAFFOLD IN
MUSCULOSKETEL TISSUE ENGINEERING

Bone and cartilage reconstruction are necessary topics of
trendy musculosketel medication either for purposeful or esthetic
surgery. Collagen-based biomaterial implantation is necessary once
osteochondral defects reach a crucial volume or when transplant need to
be avoided for sensible or pathological reasons [85]. Scaffolds for bone
tissue engineering rely on hardening of a collagen biomaterial by
mineralization with calcium phosphate and/or on crosslinking with other
substances like hydroxyapatite or brushite. Collagen has been used as
implantable carriers for bone inducing proteins, such as bone
morphogenetic protein 2 (rhBMP-2) [86-89]. Recently, collagen
itself was used as bone substitutes due to its osteo-inductive activity.
The uses of collagen film as gene delivery carriers for osteo-
induction and collagen sponge for bone related protein carriers [87-
88]. Type I collagen crosslinkedN-telopeptide was used as a marker
of bone resorption and clinically used as a marker of bone metastasis
of prostate cancer and breast cancer [90-92].

Regenerating articular cartilage and fibrocartilaginous tissue
such as the meniscus is still a challenge in orthopedic medicine. While a
range of different scaffolds have been developed for joint repair, none
have facilitated the development of a tissue that mimics the complexity
of soft tissues such as articular cartilage. Furthermore, many of these
scaffolds are not designed to function in mechanically challenging joint
environments [93]. Collagen-based biomaterials used for cartilage
regeneration tend to be additional versatile and are ideally engineered
with type 1l collagen in distinction to most of the different collagen-
based biomaterials, which are created victimization type | collagen.
Nonetheless, some studies demonstrate that small amounts of autologous
chondrocytes will grow in dynamic culture on type | or Il collagen
structures with none notable distinction [94]. Further developments
aimed at differentiating mesenchymal stem cells directly in collagen-
based biomaterial, to permanently solve osteochondral defects on a
semipermanent basis, are presently underneath investigation [95].
Optimization of pore size and distribution is additionally a priority
considering the impact of those parameters on cell adhesion,
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proliferation and migration [96]. Decellularization of complex structures
like meniscus has additionally shown promising results in order to
provide an optimal replacement scaffold for specific osteochondral
defects [97]. Table 7.1 summarizes the current application and
fabrication techniques of collagen scaffold for bone and cartilage tissue

replacement.

Table 7.1: Processing material and method of collagen scaffold with
summary of outcome research.

TCP)

porous structure with
~98% porosity and 120-
200pm pore size. In
vitro  biocompatibility
studied of rat bone
marrow mesenchymal
stem cells show scaffold
promoted

vascularization with
good integration which

Processing Processing .
Materials Method Main Outcome Refs
Bone Tissue Engineered Scaffold
Collagen | | Freezedrying Microporous  scaffold | [98]
beta- excellent  mechanical
tricalcium integrity (213.44+0.47
phosphate (B- kPa) structure with high
TCP) and porosity (~95-99%) and
strontium pore size (100-200 um)
oxide give better proliferation
and alkaline phosphate
(ALP) activity for rat
bone marrow
mesenchymal stem
cells.
Collagen/beta | Freezedrying | This porous scaffold has | [99]
tricalcium excellent  mechanical
phosphate (B- (970+1.2 kPa) and
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effectively activates the
differentiation of stem
cells into osteoblasts.

Collagen | | Freezing and | Artificial bone scaffold | [100

carbon lyophilization | ity increased | ]

nanotube / mechanical strength

chitosan / (524 to 1112 KPa)

hydroxyapatit exhibits good in-vitro

e bioactivity  due to
nucleation of
osteoinductive HA with
interconnecting porous
structure  (95.7£0.1%
porosity with 20-350
pUm pore size)

Collagen [ | Polymer blend | The [101

polyurethane / | and coating collagen/polyurethane ]

bioactive glass blend coated with glass-

/ ceramics ceramic by surface-
silanisation  produced
well developed
substrate for bone cell
adhesion and growth by
micmic the composite
nature of the bone ECM.

Collagen / | Calcination The double factors | [102

recombinant composite sustained | ]

bone
morphogeneti
c protein-2
(rhBMP-2) [/
vascular
endothelial
growth factor
(VEGF) / O-
carboxymethy
I chitosan

release system showed
that rhBMP-2/VEGF in
composite scaffolds
successfully  achieved
the sequential release of
double factors that
significantly  promote
osteogenesis effect.
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microspheres
(O-CMCYS)

Collagen /
fibrin

Polymerization

The  hydrogel has
excellent stem  cell
function (including cell
viability, morphology,
proliferation and gene
expression of human
mesenchymal stem cell
/ human umbilical vein
endothelial cell
(MSC/HUVEC)
spheroids) and able to
generate pre-
vascularized  network
which provided suitable
3D microenvironment
for bone tissue
formation

[103

Collagen /
hydroxyapatit
e

Sponge
template
coating

and

The
composite
demonstrated that the
porosity of scaffold was
reducing due to lower
compressive  pressure
(50% compressive
ratio) and high sintering
temperature (1000-
1200°C).

microporous

[104

Collagen /
hyaluronic
acid / poly (.-
lactide-co-¢-
caprolactone)

Electrospinnin
g

The microfibrous
scaffold has high water
uptake capacity (103%)
and better supported
adipose-derived

mesenchymal stem cell
adhesion. Besides, this
scaffold would
eliminate the immune

[105
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response triggered by

xenogeneic  collagen
and transmission of
animal-borne  disease
while promoting a btter
vascular network
formation.

Collagen / | Biomimetic The process of | [106

phosphorylate | Mineralization | \minaralization collagen | ]

d chitosan fibrils encapsulated by
nanoapatite mineral
nanocrystals can be
shorten within 96 hours
by using
phosphorylated
chitosan which created
new nucleation sites on
the fibers that allow
amorphous calcium
phosphate attachment
for bone tissue
regeneration.

Cartilage Tissue Engineered Scaffold

Collagen / | Coating Biocompatibility study | [107

gold using keratinocytes cell | ]

nanoparticle showed that higher cell
viability on to
funtionalized gold
nanoparticler mediated
collagen materials
which highly suitable
for  skeletal tissue
application.

Collagen / | 3D printing The 3D scaffold able to | [108

alginate facilitate cell adhesion, | ]

accelerated cell

proliferation and
enhanced the expression
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of cartilage  specific
genes such
as Acan, Col2al and Sox
9. Besides, the result
showed the scaffold
effectively  suppressed
dedifferentiation of
chondrocytes and
preserved phenotype.

Colagen type |
and Il

Polymer blend

Cryo-scanning electron
microscopy images
confirmed lower void
space percentages can be
achieved at 36.4% with
superior mechanical
properties (G" = 5 Pa)
which can implemented
for  articular  tissue
substitute.

[109

Collagen /
alginate

Crosslink and
freezing

The aligned pore
structure improved the
mechanical ~ properties
and promoted higher
levels of sulfated
glycosaminoglycans

(SGAG) and collagen
deposition compared to
an isotropic (nonaligned)
pore geometry when
seeded with adult human
stem cells. This led to
greater cell proliferation,
higher  sGAG and
collagen accumulation,
and the development of a
stiffer tissue scaffold.

[110

Collagen /
riboflavin

Photo-

crosslinking

The photo-crosslinking
scaffold improved the

[93]
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mechanical  properties,
delayed enzyme-triggred
degradation of collagen
scaffolds and enhanced
gene expression level for
collagen type Il and
aggrecan.

Collagen / silk
/ poly lactic-
co-glycolic
acid (PLGA)

Lyophilisation

The in vitro fluorescence
staining of bone marrow
stromal cells revealed
that the  composite
scaffold enhanced cell
proliferation without
eliciting side effects. The
prepared composite
scaffold was implanted in
fully  thick articular
cartilage  defects in
rabbits  showed the
enhancement of articular
cartilage  regeneration
and integration between
the repaired cartilage and
the surrounding cartilage.

[111

7.7 CONCLUSION

Collagens are the most abundant group of organic macro-

molecules in an organism. First, collagens serve important mechanical
functions within the body, particularly in connective tissues. Thus, in

bone, tendon, fascia, articular cartilage, and many more, fibrillar

collagens are providing most of the biomechanical properties essential

for the functioning of these organ systems. Second, collagens also exert

important functions in the cellular microenvironment and are involved in
the storage and release of cellular mediators, such as growth factors. All
aspects mentioned above define collagens as interesting targets as well
as tools of pharmacological intervention. A proper collagen matrix in
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terms of its composition and supramolecular organization is the target of
any repair process of connective tissue whether occurring naturally, like
during fracture healing or following treatment of bone non-unions after
trauma, tumor-surgery or of cartilage defects has been discuss. Finally, it
should be considered that some additional features of collagens, such as
biodegradability, low immunogenicity and the possibilities for large-
scale isolation make them interesting compounds for a widespread
industrial use in medicine, cosmetics or food industry.
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8.0 INTRODUCTION

Autogenous bone grafting has been the gold standard in bone
implantation due to its advantages in osteogenic capacity,
osteoconduction, mechanical properties, and the lack of adverse
immunological response [1]. However, these bone grafting techniques
have some limitations in term of the requirement of additional surgery
for harvesting, the availability of graft with sufficient size and shape, and
the risk of donor site morbidity [1]. Therefore, many kinds of
biomaterials have been developed as bone substitutes for bone tissue
engineering [1-5]. Bone substitutes can be classified in two main
categories either bone substitutes derived from biological products or
synthetic bone substitutes such as ceramics, polymers, metals, and
organic or non-organic bone substitutes [1,2]. Besides, the ideal bone
substitutes should meet precise specifications, such as biocompatible,
bioresorbable, osteoconductive, osteoinductive, structurally similar to
bone, porous, mechanically resistant, easy to use, safe, and cost-effective
[1,2]. Among them, hydroxyapatite (HA) have been used extensively as
a substitute in bone grafts, HA have properties similarity with the bone’s
calcium phosphate such as the osteoconductivity and negligible
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immunoreactivity. [1-5].
8.1 HYDROXYAPATITE PROPERTIES

Bone is a composite of biominerals, organic materials (which is primarily
in the form of collagen) and water, as show in Figure 8.1 [4]. Besides,
for elastic resistance, the collagen acts as a matrix for the deposition and
growth of minerals. The biominerals comprises 65-70% of bone, which
is one or more types of calcium phosphates [4]. Among the calcium
phosphates, hydroxyapatite is the thermodynamically most stable
crystalline phase of calcium phosphates in body fluid, possesses the most
similarity to the mineral part of bone [4,5].

Whole bone Tissue structure Microstructure Nanostructure

¢ I
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P

20m)
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Figure 8.1: Structure of typical bone at various length scales [4].

Hydroxyapatite (HA) is part of the apatites family, which are
crystalline compounds with crystalline hexagonal lattice. HA has the
specific formula (CalO(PO4)6(OH)2) and is the primary mineral
component of teeth and bones [1,2,4,5]. Thus, HA is extremely
biocompatible and does not promote an inflammatory response. Natural
HA is porous with a various porosity depending on the bone site that is
extracted, which allows osteoconductive properties. HA can be utilized
in small bone defects with low loading condition due to its very good
mechanical properties with a compression resistance up to 160 MPa [4].
Synthetic HA can be made by the precipitation of calcium nitrate and
ammonium dihydrogen phosphate [4]. Thus, HA resents all the
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advantages of its two components such as osteoconductivity,
biocompatibility, safe and nonallergen use, and promotion of bone
formation [1-5].

8.2 SYNTHESIS OF HA COMPOSITES

Various approaches have been done to synthesize HA by varying
nanoscale characteristics via solution-based precipitation reactions,
hydrothermal synthesis, electrodeposition, or sintering [6,7]. For
example, HA nanoparticles can be synthesized through a two-step
process to obtain highly crystalline, as shown in Figure 8.2. Firstly, a
typical precipitation reaction of a calcium salt with a phosphate salt was
conducted. Then, the next step was hydrothermal aging of the precipitate
in order to get particles with a narrow size distribution [7].

I. Precipitation Reaction II. Hy 'mal Aging of F a)t=0572h
CaXy(aq) + A;HPO,(aq) 2Lh 8L4°C Ca|0(PO4)5(OH)2(s) +2X(aq)+ 2A*(aq) —218OC S Cayy(PO,)5(OH)(s)

b)12h at 25°C: b)12h at25°C
§ Po— Q// »

L
. ) 1N
\,.7 —\ Pressure Vessel

o=+ Poorly Crystalline HA Highly Crystalline HA

x= No3 A=NHg*
i Na*

Figure 8.2: Two-step precipitation reaction to acquire crystalline HA
nanoparticles [7].

The size and crystallinity of the particles can be manipulated by
increasing the aging time and by varying the precursor salts [7]. From the
initial precipitation reaction, the formed HA were small and poorly
crystalline. Nevertheless, hydrothermally aging resulted in the formation
of uniform, larger, faceted, and elongated particles with a narrowsize
distribution these same particles. Furthermore, the length of the rod-like
particles increased with aging time, in contrast with the commercial
particles that were spherical and exhibited a wide range of sizes [7].
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Nevertheless, the use of HA alone may be giving disadvantages.
Thus, various HA composite have been developed [8]. Figure 8.3 shows
the characterization of porous non-mineralized or mineralized polymeric
scaffolds fabricated by a gas foaming-particulate leaching technique [8].
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Figure 8.3: Non-mineralized and mineralized (hydroxyapatite)
polymeric scaffolds fabricated by a gas foaming-particulate leaching
technique [8].

A 8.5 mm diameter by 1 mm thickness porous mineralized
scaffolds of poly(lactide-coglycolide) (PLG) and hydroxyapatite was
prepared from a total of 8 mg of polymer, 8 mg of HA nanoparticles, and
152 mg of NaCl [8]. The scaffolds were leached in de-ionized water for
24 hours to remove NaCl porogen particles after high-pressure
immersion in carbon dioxide gas and polymer foaming in a non-stirred
pressure vessel. Characterization analysis indicated calcium or phosphate
was available for cellular interactions at the porous surface of the
mineralized scaffolds, while calcium or phosphate was undetectable for
non-mineralized control scaffolds contained.Moreover, uniform
distribution of HA throughout the mineralized scaffolds were observed
and mineralized scaffolds exhibited compressive moduli that were 2-fold
higher than for nonmineralized control scaffolds [8].
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Besides, HA-collagen composites have some mechanical
advantages over HA used alone. For example, this composite materials
HA-collagen can enhance osteoblasts differentiation and accelerates
osteogenesis. Recently, collagen—hydroxyapatite (Col-Ap) with a unique
multi-level lamellar structure consisting of co-aligned micro and macro
pores have been developed for bone tissue engineering [9]. This novel
lamellar scaffold supports the attachment and spreading of osteoblasts.
This novel scaffold has great potential to be used in bone tissue
engineering applications due to its biomimetic composition, tunable
structure, improved mechanical strength and good biocompatibilit.
Figure 8.4 shows the technique used for the preparation of the lamellar
Co—Ap scaffold [9].
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Figure 8.4: Technique used for the preparation of the lamellar Col-Ap
scaffold [9].

The method based on biomimetic self-assembly process in a
collagen-containing modified simulated body fluid preservered the
structural integrity and great tensile strength of collagen by reinforcing
the collagen hydrogel with apatite nano-particles. Besides, by controlling
the freezing rate and direction, a unidirectional aligned macro-pore can
be created. Depending on the self-compression time, the thickness of
Col-Ap lamellae can be adjusted. Furthermore, the multilevel lamellar
structure has led to a twelve-fold increase in Young's modulus and a two-
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fold increase in the compression modulus along the aligned direction
compared to a isotropic equiaxed pore structure scaffold [9].

In addition, compared to mechanically blended HA-polymer
composites or HA-coating polymers, HA crystals deposited in situ on
polymer molecule templates exhibited better bionic effects in term of
crystallinity, mineralization and composites architecture [10]. Figure 8.5
shows an example of a porous scaffolds that were successfully fabricated
based on 3D-printed of silk fibroin-biomineralized hydroxyapatite (SF-
HA) particles [10].

Figure 8.5: (A) SEM image of SF-HA composite powders, (B) TEM
images of SF-HA composite powders at different magnifications [10].

SF-HA composite particles were produced via an in-situ
mineral precipitation process by using SF molecules as the templates.
With sodium alginate (SA) as printing binder, the SF-HA-SA composite
scaffolds possessed a relatively high compressive strength combined
with high interconnectivity and high porosity [10]. The tuneable pore
structure complexity via 3D printing allowing the bone marrow
mesenchymal stem cells penetration and spread all over the scaffold
network in promoting the cells proliferation and osteogenic
differentiation [10].
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8.3 APPLICATION OF HYDROXYAPATITE IN BONE TISSUE
ENGINEERING

HA is used widely as an additive and as a scaffold for promoting bone
regeneration due to its excellent biocompatibility, affinity to biopolymers
and high osteogenic potential [4,5]. As an appetite substitute, HA
nanoparticles have been used in biomedical applications to promote cell
growth and to inhibit cell apoptosis [11]. HA can promote new bone in-
growth through osteoconduction mechanism without causing any local
or systemic toxicity, inflammation or foreign body response [4].

The uniqueness of in-vivo bone microenvironment with
inorganic mineral hydroxyapatite resulted in the need of 3D structures
with interconnected pores in engineering bone tissues. [9,12]. Therefore,
the incorporation of HA in bone substitutes will result in bone matrix
with interconnected pores that facilitate cellular activities by maintaining
enough mechanical strength to support cell adhesion, proliferation, and
differentiation [12]. The addition of apatite as an inorganic reinforcing
component can overcome the mechanical limits of bone substitutes since
HA possesses excellent mechanical properties, including high stiffness
and toughness [9,12,13].

Hydroxyapatite mineral composition is close to natural bone
and less soluble than other calcium phosphates. In addition,
hydroxyapatite did not increase the level of soluble calcium and
phosphorous in harvested media and suggested the mineral effects was
related to cell-material interactions between cell and hydroxyapatite [7].
Nowadays, with many emerging technologies, HA composite has been
developed by to be used in enhancing bone tissue engineering.

8.3.1 Hydroxyapatite as Mineralized Matrix for Bone Tissue
Vascularization

Vasculature has become a main goal of orthopedic tissue engineers since
transplantation and engraftment of engineered tissues requires creation
of a vascular supply, either through vasculogenesis or through
angiogenesis. [5]. In addition, the microvascular systems have been
proposed as efficient 3D in-vitro models for studying complex biological
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phenomena in tissues. Similarly, HA has also been examined for its
ability to promote both vasculogenesis and angiogenesis with low
concentrations of HA have been shown to be compatible with endothelial
cells, and to maintain the prototypical morphology and biochemical
markers associated with normal endothelial cells function [5]. A study on
endothelial networks formation incorporate HA in collagen-fibrin
composite was conducted in 24-well plate [5].

mglml Hydroxyapatite

Figure 8.6: Collagen-fibrin-hydroxyapatite constructs in culture wells

[5].

The finding has demonstrated that formation of endothelial
networks in collagen fibrin hydrogels is affected by the culture method
[5]. While the mechanism of HA-enhanced network formation in vitro is
not clear, the effect of HA did not translate to in vivo subcutaneous
implants, which were unaffected by the presence of HA [5].

Besides, HA also have been incorporated into microfluidic
platforms to mimic the in-vivo bone angiogenesis that involved vessel
sprouting within mineralized bone matrix, as shown in Figure 7. Fibrin
was mixed with HA nanocrystals to mimic real bone tissue matrix with
highly porous and interconnected structure of HA-fibrin scaffolds for the
newly formed vessel sprouting [12]. Hydroxyapatite nanocrystals with
sizes smaller than 200 nm were sonicated in EGM medium for 40 min
for particles dilution. For obtaining the fibrin-HA matrix, the appropriate
HA solutions were mixed with fibrinogen and aprotinin before mixing
with thrombin [12].
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The findings show that HA particles distributed homogenously
in the fibrin hydrogel and the particles obviously can be seen with the
increase of the HA concentrations. To prove that the distribution of HA
within the fibrin in the microfluidic channel, fibrin-HA hydrogel was
treated with a hydrophilic dye Trypan blue [12]. Trypan blue does not
adsorb into fibrin hydrogel, but incorporation of HA in greater dye
adsorption to the hydrogel. Trypan Blue that selectively stained the
ceramics also was used as a nonspecific indicator of adsorption potential
of HA since incorporation of HA able to alter the protein adsorption.

Vascularized Bone
on a Chip
A

Endothelial HA-Fibrin
Cell Channel Channel

—
(arexe !‘.

Figure 8.7: Microfluidic vascularized bone tissue model with HA-fibrin.
Fibrin and HA after treatment with Trypan Blue. Scale bar: 25 um [12].

The formation of angiogenesis network was observed with few
HA concentrations. Incubation of endothelial cells with crystallized HA
favored the cells adhesion, spreading and proliferation, inducing an
activation of its cytoskeletal architecture without any cytotoxic effect.
HA nanocrystals exhibit high biocompatibility for microvascular
endothelium with maintained biochemical markers of healthy
endothelium and express markers of functioning endothelium that might
contribute to angiogenesis.
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The formed network demonstrated the effect of HA on natural
derived 3D lumen formation that have a high level of complexity which
was composed of endothelial cells repulsion, junctional rearrangement
and shape change [14].

Besides the chemical effects such as VEGF, mechanical cue
which is matrix stiffening also gave critical effect to the blood vessel
formation especially angiogenesis [15]. Hydrogels containing higher
hydroxyapatite concentration were significantly stiffer than the pure
hydrogel [5]. ECM stiffness can modulate capillary formation as well as
barrier integrity by altering endothelial responds towards to the chemical
factor [15]. Consequently, more stable and larger lumens were formed
with increased gel stiffness in 3D observed on rigid gels [16,17]. Matrix
stiffness also influence endothelial cells elongation and sprouting in 3D
environment resulting enhancing sprouting and outgrowth [18].

8.3.2 Hydroxyapatite as Mineralized Tumor Microenvironment for
Breast Cancer Bone Invasion

Many in-vitro platforms have been developed to increase the
understanding of the HA role in cancer metastasis. HA mineralized
microenvironment can mediate bone cancer metastasis and consequently
can induce secondary breast tumor formation because of the increase in
cellular adhesion and proliferation [7,8,19]. The addition of HA
nanoparticles into the extracellular matrix has created a more
physiological environment of in-vitro breast cancer bone metastasis
[7,8,19].

A novel mineralized 3-D tumor model have been developed to
investigate the pro-metastatic role of HA under physiologically relevant
conditions in vitro. Non-mineralized or mineralized polymeric scaffolds
fabricated by a gas foaming-particulate leaching technique were used to
culture breast cancer cells [8].
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Figure 8.8: Effect of HA on 3-D tumor tissue formation [8].

The findings indicate that HA promotes features associated with
the neoplastic and metastatic growth of breast carcinoma cells in bone
and that interleukin-8 (IL-8) may play an important role in this process
[8]. It was explained as compared to non-mineralized tumor models,
tumor cell adhesion, proliferation, and secretion of pro-osteoclastic 1L-8
was increased in mineralized tumor model. Furthermore, conditioned
media collected from mineralized tumor models promoted
osteoclastogenesis in an IL-8 dependent manner. Finally, drug testing
and signaling studies with transforming growth factor beta revealed that
breast cancer cell behavior is broadly affected by HA [8].

Furthermore, by integration of a novel stereolithography-based
3D printer with a unique 3D printed nano-ink consisting of
hydroxyapatite nanoparticles suspended in hydrogel, a biomimetic bone-
specific environment for evaluating breast cancer bone invasion has been
developed [19]. HA nanoparticles were added to the printable resin in
order to create a bone-specific biomimetic environment. Figure shows
the image of printed HA nanoparticles.
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Figure 8.9: (A) TEM image of HA nanoparticles, (B) low and (C) high
magnification of 10% HA nanoparticles containing small square
geometry showing HA nanoparticles dispersion within the structure [19].

Bone matrices containing HA nanoparticles were printed with
the determined optimal geometry, resulted in the highest proliferation
and exhibited spheroid morphology and migratory characteristics. The
finding demonstrated that the matrix influenced cell proliferation, and
that the addition of HA nanoparticles created a more physiological
model. Compared with conventional 2D cell culture, breast cancer cells
growing on the 3D scaffold exhibited a greater migration capacity. Co-
culture of MSCs with cancer cells on the 3D matrix resulted in increased
spheroid colony formation. Therefore, this 3D scaffold may provide a
promising model to study the behavior of breast cancer bone invasion
and the evaluation of new therapies [19]. This 3D bone matrix can mimic
tumor bone microenvironments, suggesting that it can serve as a tool for
studying metastasis and assessing drug sensitivity [19].

On the other hand, HA was reported has dual effects either as
assisting tumor cells metastasis or anti-proliferation of tumors with the
inhibitions of HA were much more significant on cancer cells than on
normal cells. HA nanoparticles have been reported to have inhibitory
function on the proliferation of many kinds of tumor cells, such as breast,
colon, gastric cancers and hepatoma cells [20-26]. Therefore, by
manipulating the interaction of tumor cells with HA tumor
microenvironment, this approach can be suggested as a promising tactic
in limiting cancer progression.
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8.4 CONCLUSIONS

Hydroxyapatite has been used extensively as a substitute for
bone grafts due to similarity in properties with the bone’s calcium
phosphate. Various approaches have been done to synthesize HA that
eventually resulted in the fabrication of many types of HA composites.
HA composites have some mechanical advantages due to its biomimetic
composition, tunable structure, improved mechanical strength and good
biocompatibility. Incorporation of HA in bone matrix contribute to the
interconnected pores formation that facilitated cellular activities such as
cell adhesion, proliferation and differentiation. HA microenvironment
has the ability in stimulating the formation of angiogenesis to mimic in-
vivo bone angiogenesis that important in bone development. Besides, HA
matrix able to mediate bone cancer metastasis and secondary tumor
formation due to the enhancement of cellular adhesion and proliferation.
With the great applications of HA in cell and tissue’s study, HA has the
potential as a promising biomaterial for bone substitutes as the next
generation of bone grafts.
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CHAPTER 9

DIFFERENT MATERIALS OF IMPLANT AFFECTING
THE BIOMECHANICS BEHAVIOUR OF FIBULA FRACTURE:
A FINITE ELEMENT STUDY
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9.0 INTRODUCTION

Our body possesses skeletal system which is most crucial system. It
functions as the protector of our internal organ, frame of our body and
crucial in locomotion support. For example, skull act as the protector of
our brain and form our face, which divides into cranium and mandible.
This study focusing on lower limb which is also part of the skeletal
system. Lower limb is very important in aiding our daily activities such
as lifting, climbing and other locomotion movements. It was stated by
United States hospitals, between 2007 and 2011, ankle has the highest
number of fracture at lower limb case, which were 280,933 cases [1].

Malleolar fracture recorded as the highest ranking of occurrence
among ankle fracture [1]. Extreme outward movement of foot, which is
supination can contribute to the fracture which is located near to the talus
and distal of fibula. Abnormal and swollen structure of ankle and hurt
during walking are the symptoms of ankle fracture[1, 2]. Ankle fracture
also can be easily detect using our hand.

Surgery is the ultimate solution when it comes to the ankle
fracture injury[2]. Posterior lateral plating with an antiglide plate or
lateral plating of the fibula with an interfragmentary lag screw were the
conventional methods in treating these fractures. The surgery will result
a success in using these methods if the bone density of the patient is
normal. Hence, to use this method with a patient with osteoporosis which
have abnormal bone density, it will lead to a failure. Compression
between plate and bone will help in maintaining and gaining the stability
of the fixation [3]

In treating the fracture, researchers keep searching for the best
solution as the technologies rapidly evolving. Locking compression
plate; one of the solutions in treating the fracture is a design consist of
two different holes on the plate acting as the holder of the fractures.
Different conventional-designed screw is use with this design. The
stability of the implant was increased as the screw and plate have constant
angle[4]. The combination of compression and locking hole was called
combi hole.
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9.1 FIBULA BONE FRACTURE

National Trauma Data Bank of hospitals in United States recorded that
ankle fracture will contribute to fibula fracture. These accidents were
assumed occur because of sports activities but most of them occurred at
the street. Fibula fractures occurred because of rotational force. A
ligament which hold fibula and tibia together is called syndesmosis.
Danis-Weber AO Classification classified the fibula fractures into three
different classes which is depending on deterioration rate of syndesmosis
and the part of fibular involved in the fracture. The fibula fractures were
classed into Type A, Type B and Type C. Type A fracture can be defined
as a fracture which occurred at the ankle joint but does not cause any
harm to the syndesmosis. Type A fracture is a transverse fracture.
Meanwhile Type B fracture occurred when the fracture is involving half
of syndesmaosis injury and occur in a spiral fracture pattern on the fibula.
Lastly, Type C fracture defined as a fracture which involve the
syndesmosis injury and occurred proximal to the ankle. The
classification made it easier to recognize the pattern of fracture and parts
involved in the injury[5]). Figure 9.1 shows the classification of Danis
and Weber of fibula fracture.

Figure 9.1: Danis-Weber Classification of ankle fractures
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9.2 INTERNAL FIXATION METHOD

During an open surgery to apply the implant to the fractured area, internal
fixation method was used to fix the fracture hence can improve the
healing process and the anatomy of the fractured bone [6]. After certain
period, the implant will be removed which allow further healing process
to proceed. Structural aspects and some previous issues regarding
conventional plate and locking compression plate will be discuss further.

9.2.1 Conventional Plate

Surgeon believed that the conventional plate is the best plate to be used
during internal fixation method. There are many types of conventional
plates which might vary depend on the location of the fracture. One-Third
Tubular(OTT) Plate is the commercial name for the plate that had been
used to fix the fibula fracture. This 1mm thickness plate recognized to be
helpful to be imply on the area which have less soft tissue. The curve of
the inside of the plate was designed for it to fit better with the bone. The
length of the plate varies with the number of holes on the plate, for
example 57mm length of the plate consists of 5 holes; 2 bicortical
proximal screws, 2 unicortical distal screws and 3.5mm non-locking
screw. Figure 9.2 illustrate the One-Third Tubular Plate applied at the
distal fibula. Based on previous study, Bone Mineral Density found to be
the factor of the plate failure [7].
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Figure 9.2: The one-third tubular plate is applied on the distal fibula

9.2.2  Locking Compression Plate
Two types of method had been merged to assure the fitting of the locking
compression plate on the bone in one design. The conventional plate
differs with the locking compression plate in terms of the holes. Locking
compression plate allow the surgeon to utilize the screws freely depend
on the condition of the patient. Furthermore, the stability of the plate and
the bone can be improved through the fixation of the angle of screw and
plate. High pull-out force needs to be applied as there is locking screw
and the width of the screw is 5mm. However, it is proven that this
treatment, does not correlate with BMD. The application of local
compression plate and the figures of hole of the screws are shown in

Figure 9.3 [8].
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9.3 MODEL DEVELOPMENT

9.3.1 Development of Bone

Mimic software was used to develop three-dimensional bone (3D) model
from the CT scan. The region of interest has been focused on tibia, fibula
and talus. Hounsfield unit need to be altered two differentiate of two
types of bones which are compact and spongy bones. Next, the noise
removal process had been implied [9]. Next, the 2D images of bone will
be changed to 3D images by using calculating tool. Calculating tool is
been used to convert from 2D images to 3D model [10].
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Meshing need to be done to the bones where the size was set at 3.0mm
using tetrahedral mesh[10, 11] and imported to 3-matic for refinement
process to get the best mesh size for the bone, hence contribute to
accurate result during finite element analysis. Finally, STL format was
used to save the model and virtual surgery will be done in Mimic[12].
Step-by-step of bone development is illustrated in Figure 9.4

(1) Segmentation of CT Image (2) Convert 2D image into 3D model (3) Mesh Refinement

!

Figure 9.4: The step by step in constructing ankle bone
9.3.2  Development of implant

Both conventional plate and locking compression plate was designed
using Solidwork. The plate had been constructed by referring to previous
research regarding the parameters, size and distance, which follows the
industry standard (Figure 9.5) [13]. The differences of the function and
location of the screw will determine the design of the plate. Moreover,
the displacement and the stability of the plate can be affected by the
number of screws. Even the design of the plate is simple, this plate is
crucial in bridging between the fractured parts and the design need to be
thoroughly tested. The focus of this project is regarding malleolar
fracture.
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Figure 9.5: LCP and OTT plate
9.3.3  Pathological Modelling

Malleolar fracture condition was modelled for this study. Previous study
found that among ankle fractures, malleolar fracture has the highest rate
of occurrence[l]. Malleolar fracture consists of injuries of bones
(malleoli) and, or ligaments. Referring to the relationship of the part of
the fracture, 3 types of malleolar fracture had been divided which are
Type A, Type B, and Type C. Hence, for this study, Type C malleolar
fracture had been chosen as it is stated this type of fracture have high rate
of occurrence. Fibula and the breakage of ligament is included in this
fracture; however, this study only focus on the fibular fracture. By
referring to the previous studies, the result obtained still can be utilize for
this project and acceptable [14]. Mimic was used to model of the
malleolar fracture as shown in Figure 9.6

(1) The Final development of ankle (2) Make a polyplanecut to the fibula (3) Simplification of Malleolar Fracture

Figure 9.6: Steps of developing fibula fracture
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9.3.4  Finite Element Analysis

In finite element analysis, the material properties of the bone and the
implant need to be defined at the first stage. Two different materials,
which are titanium and stainless steel have been applied to the plates and
screws. Young Modulus of the titanium plate was set at 110 000 MPa
while the properties was set to homogeneous, linear elastic and isotropic.
The Poisson ratio (y) of the titanium plate was set at 0.3. For stainless
steel, the Young Modulus was set at 200 000 MPa. For bone, Young
Modulus of 7300 MPa was used, Poisson ratio (y) set at 0.3 and the
properties of the bone are linear elastic, isotropic and homogeneous[11,
15]. On the other hand, axial loading is chosen to be tested on the model
due to standing condition. Stiffness of 172 had been distributed to four
links representing one ligament and the model was tested using axial
loading. The load had been distributed equally to two legs of the patient
which weight 70 kg. The load was spread to tibia (93%) and fibula (7%).
Boundary condition and full finite element model is shown in Figure 9.7.

Figure 9.7: The boundary condition of finite element analysis
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9.4 BIOMECHANICAL EFFECTS OF DIFFERENT
MATERIALS

9.4.1 Von Mises Stress Distribution

Figure 9.8 shows von Mises Stress( VMS). During stance phases, it was
founded that the titanium (Ti) model for locking compression plate
yielded higher stresses at the fibula bone than the stainless steel (SS). The
magnitude of pin-bone interface at the distal tibia showed a close
difference during stance phases between Ti model which recorded higher
magnitude of stress (70.4MPa) than SS model (67MPa). Higher
magnitude of stress also recorded at the pin-bone interface at the distal
tibia for Ti model (56 MPa) than the SS model (55.6 MPa)

Focusing on the bone plate, the VMS of the SS bone plate for locking
compression plate model generate higher stress compared to Ti model
during stance phases as shown in Figure 9.9. It was founded that the bone
plate made of SS shown higher stress magnitude (1202 MPa) compared
to Ti model of bone plate (667 MPa). Meanwhile, it was also recorded
that magnitude of VMS at SS model (133.5MPa) was higher than Ti
Model (127.5 MPa).

It was recorded that the yield stregth of SS and Ti are 215MPa and
970MPa respectively. From the results obtained the design model of plate
that were made from Ti is safe for both LCP and design. Meanwhile, for
implant that made from SS, only OTT implant design is considered safe
to be use. The evaluation made based on the peak VMS value which not
exceeded the yield strength of the material which will lead to mechanical
failure of the implant.
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Von Mises Stress
(MPa)
S 000e+000
450004000
4. 000e+000

3 50004000

Peak Peak Peak
3:0et 00 66.871 70.386 55.587

2 500e+000

Peak
56.095

2.000e+000
1.500e+000
1 000e+000

5 000e-001

0 000e+000 @) (b) (e (d)

Figure 9.8: Von Mises stress contour plots at bone for a) LCP using SS,
b) LCP using Ti, ¢) OTT using SS and d) OTT using Ti
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Figure 9.9: Von Mises stress contour plots at plate for a) LCP using SS,
b) LCP using Ti, ¢) OTT using SS and d) OTT using Ti
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9.4.2 Displacement

Figure 9.10 shows the contour plots of displacement of full construct for
both models. The peak magnitude was observed at the proximial tibia
whereas it was shown that the fixation of Ti model for locking
compression plate resulted in greater displacement compared to SS
model. 3.514mm and 3.513mm of maximum displacement recorded for
Ti and SS model, respectively. In contrast for OTT model, higher
displacement recorded for locking compression plate with fixation of SS
model compared to Ti model, whereas the peak magnitude recorded at
the proximal tibia. 3.75mm and 3.72mm of maximum displacement
value recorded for SS and Ti model, respectively.

From the displacement results recorded, it was stated that LCP design of
plate provide better stability to the bone compared to the OTT plate
design. This is because there is approximately 0.2mm displacement
differences between LCP and OTT design. However, further study need
to be conduct in determining the stability, as the maximum displacements
of the bones occurred in different area of the bone.

Displacement
(mm)
Peak Peak
500064000 3.746 3.722
480004000
460004000
440004000
4.20004000
4.000e4000
3.6000+000
340084000 Peak Peak

3.513 3514

3.0006+000 (a) (b) (c) (d)

Figure 9.10: Contour plots of displacement at plate for a) LCP using SS,
b) LCP using Ti, ¢) OTT using SS and d) OTT using Ti
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9.5 CONCLUSION

This study had successfully in establishing a finite element model an
ankle joint, to investigate the biomechanical properties of Locking
Compression plate and Conventional Plate for treating fibula fracture and
to compare the stability and stress distribution for Locking Compression
Plate and Conventional Plate. From the result of this study, the finding
can be further used and provide some additional information to medical
surgeons on how and why on choosing a suitable plate for treating fibula
fracture in terms of biomechanical aspects. This research can give a clear
idea to medical surgeon on how this design functioning and affecting the
patient. On the other hand, this project also can provide preliminary
results to enhance the design of fibula plate based on the biomechanical
overview.
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